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The Isolation of Nucleic Acid Fractions from Plant Leaves 
and their Purine and Pyrimidine Composition 


By A. J. THOMAS anp H. 8S. A. SHERRATT* 
Agricultural Chemistry Department, University College of North Wales, Bangor 


(Received 4 March 1955) 


Methods are readily available for the isolation of 
nucleic acids from animal and bacterial sources, 
where they often occur in relatively large amounts. 
In plants, the nucleic acid concentration is much 
lower and there is much interfering polysaccharide 
and other material. Consequently, apart from the 
particularly favourable case of wheat embryo 
nucleic acids, there is only fragmentary knowledge 
of the normal nucleic acids of plant tissues. 

Nucleic acid, now known to be pentose nucleic 
acid (PNA), was first obtained from wheat embryo 
by Osborne & Campbell (1900). PNA was first 
isolated from barley roots and characterized by 
Takasugi (19434, b, 1944). An improved procedure 
for the isolation of wheat embryo PNA was given by 
Lusena (1951). Deoxypentose nucleic acid (DNA) 
was isolated from the cell nuclei of rye embryos by 
Feulgen, Behrens & Mahdihassan (1937). Mirsky & 
Pollister (1946) selectively extracted pentose 
nucleoproteins from animal tissues with 0-14M 
sodium chloride and then deoxypentose nucleo- 
proteins from the residue with 1-0mM sodium 
chloride. With this procedure they were able to 
isolate fibrous DNA from wheat embryo. Laland, 
Overend & Webb (1950) described the isolation of 
pure, highly polymerized DNA from wheat embryo 
in more detail, but PNA and DNA were not 
selectively extracted from rye by sodium chloride 
solutions of different strength. Polymerized DNA 
was isolated from this source by a complicated 
fractionation procedure, but it still contained 
appreciable quantities of PNA and polysaccharide. 
The method of Mirsky & Pollister is not generally 
applicable to plant tissues. 

Information on the purine and pyrimidine com- 
position of normal plant nucleic acids is restricted 
to that on the PNA from the nucleoprotein 
comprising most of the fraction I protein of tobacco 
leaf cytoplasm (Eggman, Singer & Wildman, 
1953), and the DNA of wheat embryo (Laland, 
Overend & Webb, 1952; Wyatt, 19515). 

In the present investigation, a method has been 
evolved for the isolation of nucleic acid fractions 
from various plant tissues, namely, bracken fern, 
clover and ryegrass whole leaves, sugar beet tops, 

* Present address: Genetics Department, John Innes 
Horticultural Institution, Bayfordbury, Hertford, Herts. 
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marrow-stem kale, suitable for a comparative 
study of their purine and pyrimidine composition. 
For this purpose, it was not essential, nor indeed 


practicable, to preserve the macromolecular 
properties of the nucleic acids. 
{1X PERIMENTAL 


It was originally hoped to separate the nucleic 
acids by differential extraction of their protein 
complexes with NaCl solutions of varying strengths. 
Both fresh and dried leaf material were extracted 
with NaCl solutions over a range of concentrations, 
at pH 7. The extracted material was precipitated 
at pH 1 and dried. Upper limits for the PNA and 
DNA contents were estimated by means of the 
Schmidt & Thannhauser (1945) procedure. No 
significant separation of PNA and DNA, or con- 
centration of the nucleic acids, was obtained, and 
no precipitates were obtained on diluting the 
extracts with water. Fractional precipitation of - 
aqueous leaf extracts with NaCl was also un- 
successful. 

Since the linkage between nucleic acids and 
proteins is generally supposed to be electrovalent, 
it was considered that the nucleoproteins might 
have been dissociated by very strong NaCl solu- 
tion, the nucieic acid being extracted while the 
protein remained insoluble. Very little material 
was extracted by cold 5-0m or saturated NaCl. 
However, Williams (1945) described a method for 
estimating the total nucleic acid content of leaves 
by extracting them with boiling 10% (w/v) NaCl 
and precipitating the nucleic acids from the 
extract at pH 1, yielding products of high phos- 
phorus content. 

Extraction of leaves with boiling NaCl solutions 
over a range of concentrations showed an optimum 
extraction of acid-precipitable phosphorus com- 
pounds at 10% (w/v) NaCl. It appeared that 
extraction of the nucleic acids by the method of 
Williams, followed by their separation with the 
modified Schmidt & Thannhauser (1945) proce- 
dure, as used by Davidson & Smellie (1952) and 
Sherratt & Thomas (1953), would yield PNA and 
DNA fractions suitable for purine and pyrimidine 
determination. 
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Isolation of nucleic acid fractions 


The fresh leaves were minced in a Hobart power 
mincer, sufficient water added to produce amash and 
the whole adjusted to pH 8 with NaOH. The juice 
was pressed out and centrifuged to remove particu- 
late material. The high-molecular weight material 
was precipitated from the juice by acidification to 
pH 3 and warming to 75°. The precipitate was 
collected, extracted with acetone and dried at 60°. 

This powder (100 g.) was boiled under reflux 
with 500 ml. 10% (w/v) NaCl for 1 hr., the extract 
being maintained at pH 7 by the addition of dilute 
NaOH. The extract was squeezed through muslin 
and centrifuged. The clear supernatant solution was 
acidified to pH 1, when the nucleic acids, together 
with contaminating material, separated ; they were 
centrifuged and dried with acetone and ether. 

The mixed nucleic acids were incubated at 37° 
for 18 hr. with 0-3N-KOH. This treatment hydro- 
lysed the PNA to mononucleotides, while the DNA 
remained acid-precipitable. The KOH concentra- 
tion is critical: with solutions stronger than 0-3N, 
cytidylic acid is partially deaminated to uridylic 
acid (Davidson & Smellie, 1952), while if the con- 
centration is much lower than 0-3N, the PNA is 
incompletely hydrolysed. Our plant extracts had 
considerable buffering capacity and it was necessary 
to adjust the pH to 9 to overcome this buffering 
action, and then to add KOH to a concentration of 
0-3N. 

The pH of the digest was then adjusted to 1 with 
HClO, and the precipitate, containing DNA and 
KCIO,, was centrifuged off. The acid supernatant 
was extracted several times with isobutanol which 
removed much colouring matter and material ab- 
sorbing in the ultraviolet. The solution was then ad- 
justed to pH 4 with KOH and allowed to stand at 0°. 
Insoluble KC1O,, which settled out, was filtered off 
and the solution concentrated in vacuo to a small 
volume (1—2 ml.) to give the PNA fraction. 

The precipitate containing the DNA was dis- 
solved in water at pH 7 and the solution saturated 
with NaCl at 100°. The incubation with KOH had 
modified the DNA so that it now remained in 
solution, while much of the interfering material 
was precipitated. Previously the DNA was pre- 
cipitated with the interfering material by saturated 
NaCl. The DNA solution was dialysed for 48 hr. 
against running water and then concentrated in 
vacuo. The DNA was precipitated by acidifying to 
pH 1 and adding ethanol (1 vol.) and the precipi- 
tate was dried with acetone and ether to give the 
DNA fraction. 

It was important throughout the procedures to 
keep the nucleic acid solutions as concentrated as 
possible in order to obtain good precipitation 
(at least 100 mg. of crude DNA/5 ml.). 
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METHODS 


Total phosphorus. This was estimated according to Fiske 
& Subbarow (1925) after combustion with 60% (w/w) 
HCIO,. 

Nucleic acid phosphorus. PNA-P and DNA-P were 
estimated according to Davidson, Leslie & Waymouth 
(1949) after Schmidt & Thannhauser (1945). This method 
gave the upper limit of nucleic acid content. 

Identification of sugars. (i) Pentoses. The precipitated 
total nucleic acids (5 mg.) were hydrolysed with 2N-H,SO, 
(1-0 ml.) for 2 hr. at 100° and the pH of the hydrolysate 
was adjusted to 4 with Ba(OH),. The supernatant and 
washings from the precipitated BaSO, were concentrated 
and chromatographed by descent on Whatman no. 1 paper 
with n-butanol: acetic acid: water (4:1:5, v/v/v) and with 
ethyl acetate: acetic acid: water (3:1:3, v/v/v). The spots 
were detected with the aniline hydrogen phthalate reagent 
(Partridge, 1949). 

(ii) Deoxypentose. The DNA fraction (5 mg.) was ex- 
tracted with 10% (w/v) trichloroacetic acid (1-0 ml.) at 90 
for 30 min., and 2 vol. of the Dische reagent (pure dipheny]- 
amine, 2g., H,SO,. 1-5 ml., and acetic acid, 100 ml.) 
were added. The mixture was heated at 100° for 20 min., 
a blue colour indicating deoxypentose (Deriaz, Stacey, 
Teece & Wiggins, 1949). 

Estimation of purines and pyrimidines. (i) Chromato- 
graphy. The purines and pyrimidines of the PNA and DNA 
fractions were estimated by the methods of Wyatt 
(1951a, 6). 

(ii) Ionophoresis. The pH of the purine and pyrimidine 
nucleotide solution of the PNA fraction was adjusted to 9 
with Ba(OH),, any precipitate being discarded. Three 
volumes of ethanol were added and the solution was cooled 
to 0°, when barium salts of the nucleotides separated 
and were centrifuged off. The pH was readjusted to 9 
with Ba(OH), and a second crop of barium salts of nucleo- 
tides collected. The barium nucleotides were redissolved in 
water and the solution was acidified to pH 4 with H,SO,. 
liberating the free nucleotides and producing insoluble 
BaSO, (Parker, 1952). 

The solution of the mixed nucleotides was applied near 
one end of long strips (6 x 60 cm.) of Whatman no. 2 paper. 
The paper was soaked in 0-02 citric acid/trisodium citrate 
buffer, pH 3-5, and the paper run for 18 hr. with a potential 
difference of 500v. The paper was dried and the nucleotide 
bands were located by photography on reflex document 
paper in ultraviolet light. The source of ultraviolet light 
was an Osram ultraviolet lamp (General Electric Co. Ltd.) 
with the outer glass envelope removed. The voltage applied 
to the lamp was reduced by a 3000Q resistance (mains 
voltage 230v a.c.). The resulting glow discharge yielded 
predominantly the mercury 2537A line and was filtered 
through Chance filter OX 7. 


RESULTS 
Pentose nucleic acid fractions. Satisfactory 
chromatograms of the component bases were 
obtained from the PNA fractions from all sources, 
after perchloric acid hydrolysis. The intact 
nucleotides were well resolved ionophoretically and 
their different mobilities corresponded exactly 
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with those obtained from an alkaline digest of 
yeast ribonucleic acid. The quantitative results 
obtained by ionophoresis were not well reproducible 
between different paper strips and will not be 
given. 

Pentose sugars. Spots corresponding to a hexose, 
arabinose, and ribose were obtained on chromato- 
grams of the hydrolysates of the mixed crude 
nucleic acids. 

Deoxypentose nucleic acid fractions. The DNA 
preparations contained about 20-60% DNA, 
estimated by their phosphorus contents, assuming 
that DNA contains 10 % P, and the bases accounted 
for most of this phosphorus. The best preparations 
were obtained from kale and clover. The prepara- 
tions and their base composition appeared to be 
well reproducible. 5-Methylcytosine was present in 
all DNA fractions and its identity was confirmed 
by its ultraviolet absorption spectrum, which con- 
formed exactly to that given by Wyatt (1951la) 
with a trough at 242 mp. and peak at 283 my. The 
identities of all the separated bases and nucleotides 
were confirmed from the absorption curves of the 
eluates. 
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These fractions were suitable for the analytical 
investigation of the nucleic acids and might well be 
suitable for some physiological studies, such as 
those using isotopic tracers. The isolation of native, 
highly polymerized nucleic acids from leaves still 
presents a very difficult problem, which would 
appear to need a radically new approach. 

The analytical results (Table 1) gave no evidence 
that the base compositions of the nucleic acid frac- 
tions had been altered by enzyme action during 
isolation, although ribonuclease activity has been 
found in tobacco leaves (Holden, 1952; Parker, 1952) 
and also some deoxyribonuclease activity (Holden, 
1952). 

Although the nucleic acids were not isolated in 
a pure state, our analysis of wheat embryo DNA 
compares quite closely with the analysis of Wyatt 
(19516) of a pure preparation obtained by another 
method. This would appear to confirm the validity 
of the method in that the DNA obtained is repre- 
sentative of the DNA in the cell, with no fraction- 
ation having occurred such as was reported by 
Chargaff, Crampton & Lipshitz (1953) and by 
Brown & Watson (1953). 


Table 1. Purine and pyrimidine composition of PNA and DNA fractions from plants. 


Molar ratios calculated to a total of 100-0 


Wheat Wheat germ 
Beet Bracken Clover Kale Rye germ (Wyatt) 
DNA 
Adeniné 27-7 28-3 29-8 27-5 27°5 25-4 26-4 
Guanine 25-5 19-8 20-9 24-8 19-9 22:8 22-5 
Cytosine 12-3 18-2 15-5 16-6 20-1 18-2 17-3 
5-Methyleytosine 4-4 5-6 4:8 3°6 10-0 5-6 5°75 
Thymine 30-1 28-4 5 27-5 24-5 28-2 27-0 
% P accounted for by bases 79 78 82 82 90 - 
No. of preparations 1 4 1 3 3 
PNA 
Adenine 25-5 26-4 — 24-2 21-5 — 
Guanine 26-4 26-0 29-0 26-7 - 
Cytosine ~ 25-4 18-5 - 20-6 24-4 
Uracil 22-6 29-2 26-0 27:4 - 
% P accounted for by bases —— 58 90 62 80 _— 
ae 3 3 es 


No. of preparations — 4 

Deoxypentoses. A characteristic blue colour was 
obtained with the Dische test for deoxypentoses 
with the DNA preparations from clover, kale and 
wheat embryo. Bracken, beet and rye grass yielded 
an equivocal purple-brown colour, but when 3 vol. 
of ethanol were added, this was resolved into a 
pale blue solution and a brown precipitate. 


DISCUSSION 


With the procedure developed, it was possible to 
obtain both PNA and DNA fractions from the 
leaves of a wide range of plants, so wide a range 
that it might seem reasonable to suppose that the 
procedure is generally applicable to plant tissues. 


The base compositions of the different PNA 
fractions show no remarkable features, not 
differing greatly from the PNA from other sources 
(e.g. Davidson & Smellie, 1952) or from the PNA 
of some plant viruses (Dorner & Knight, 1953; 
Markham & Smith, 1951). 

The DNA preparations are all characterized by 
a relatively high content of 5-methyleytosine. 
Previously, the highest reported content of this 
base in a DNA preparation was from wheat 
embryo (Laland e¢ al. 1952; Wyatt, 19516). 

The molecular equality between adenine and 
thymine and between guanine and cytosine plus 
5-methyleytosine, required by the Watson & Crick 
(1953) theory of DNA structure, involving specific 
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pairing of bases, is shown generally by our results. 
The base composition of all the DNA preparations 
correspond to the excess adenine-thymine (AT) 
class and show surprisingly little variation over a 
wide range of plant types. In this respect the plant 
DNA preparations resemble the AT pattern of the 
DNA from many animal tissues (Laland e¢ al. 
1952; Wyatt, 1951la) except for their consistently 
higher 5-methyleytosine content. 

In contrast, DNA preparations from bacterial 
sources exhibit a wide range of compositions, from 
the extreme AT types to the extreme guanine— 
cytosine (GC) class with the apparent absence of 
5-methyleytosine (Laland et al. 1952; Sherratt & 
Thomas, 1953; Smith & Wyatt, 1951). 


SUMMARY 


1. The mixed nucleic acids were extracted from 
five species of leaves by 10% (w/v) NaCl at 100°. 
After incubation with alkali, PNA and DNA 
fractions were isolated. 

2. Quantitative analyses for purines and pyri- 
midines of the nucleic acid fractions were made. 
The PNA fractions had no unusual features. The 
DNA fractions were all in the excess adenine— 
thymine class and had a relatively high content of 
5-methyleytosine. 

The authors wish to thank Professor W. Charles Evans 
for his interest and encouragement. We also thank the 
Agricultural Research Council for their financial support. 
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In his classical researches on the cereal proteins, 
Osborne (1895a) found that barley grains contained 
four distinct classes of protein. Three of these, 


albumin, globulin and prolamin (hordein), he 
separated from the grain and showed by ele- 


mentary analyses to be distinct and reproducible 
fractions of the protein reserves. The fourth type 
of protein, glutelm, was only partially soluble in 
dilute acids and alkalis and Osborne was unable to 
reproducible pre- 


obtain reasonably pure and 


parations of it. Subsequently, Larmour (1927) and 
Csonka & Jones (1929) described preparations of 
barley glutelin (hordenin), but in neither case was 
the reproducibility of the fraction fully demon- 
strated. 

More recent studies by means of the ultracentri- 
fuge and by electrophoresis have extended our 
knowledge of the homogeneity of some of the 
protein fractions. For example, Quensel & 
Svedberg (1938) found that, while hordein behaved 
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as a homogeneous protein, both the albumin and 
the globulin fractions were polydisperse. The 
globulin fraction has since been further examined 
by Siéverborn, Danielsson & Svedberg (1944) and 
by Danielsson (1949), and four distinct barley 
globulins are now recognized. Biserte & Scriban 
(1950) found that under their conditions hordein 
also was not homogeneous, and it seems likely 
therefore that this protein resembles the prolamin 
zein which Scallet (1947) found to be an associa- 
tion—dissociation complex. Under certain condi- 
tions of concentration, pH and ionic strength, this 
complex could behave as a homogeneous protein 
during electrophoresis. 

In the present work, interest was centred on the 
amino acid metabolism associated with the mobili- 
zation of the proteins of the grain during germina- 
tion (Yemm, 1949; Folkes, 1951). Such a study 
required the separation of the grain proteins into 
fractions which were broadly reproducible and 
which were sufficiently free of carbohydrate con- 
taminants to permit of amino acid analyses. 
Osborne’s ‘fractions of albumin, globulin and 
hordein, while recognized to be physically hetero- 
geneous, were deemed to be sufficiently constant in 
chemical composition for this purpose. Moreover, 
their clear-cut physical properties facilitated small- 
scale determinations of their relative proportions in 
the grain (cf. Bishop, 1929). In the absence of well- 
established methods for the preparation of hor- 
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denin, the methods of Csonka & Jones (1929) were 
further investigated with a view to obtaining re- 
producible preparations. For this purpose the 
amide content of the protein fractions was used as 
a rapid means of characterization. The storage 
proteins of cereal grains differ widely in their 
amide contents and this has often been exploited to 
distinguish between them (cf. Bishop, 1928; Rose & 
Anderson, 1936; Blish & Sandstedt, 1929). 

Specimens of all four protein fractions were 
prepared and their amino acid content was deter- 
mined, chiefly by microbiological assay, by the 
methods of Yemm & Folkes (1953). These data 
serve to extend the very incomplete analyses of 
barley proteins previously available, which have 
been summarized by Bishop (1928). 


EXPERIMENTAL 
Methods of analysis 


Determination of amide content of crude protein prepara- 
tions. Amide content was determined by the method of 
Yemm & Folkes (1953), involving hydrolysis in 2N-H,SO,. 
Estimation of the resulting NH, was by vacuum distillation 
into dilute acid followed by treatment with Nessler 
reagent. When this method was applied to crude protein 
preparations containing appreciable amounts of carbo- 
hydrate contaminants, difficulty was experienced; there 
was a progressive increase with time in the colour intensity 
of distillates after treatment with Nessler reagent. This 
was eventually traced to the presence in the distillate of 


Table 1. Correction of estimates of amide content for furfural produced during acid hydrolysis 


Mixed solutions of sugars and (NH,),SO,, or aqueous extracts of various barley tissues, were heated with 2n-H,SO, for 
3 hr. under conditions fur the total hydrolysis of amides. Ammonia was then distilled off in vacuo and estimated colori- 
metrically 10, 20 and 30 min. after the addition of Nessler reagent. The 30 min. estimate and a 0 min. estimate (obtained 


by extrapolation) are shown in the table. 


A duplicate sample was first steam-distilled to free it from furfural before ammonia was removed by vacuum distillation 
(see Experimental section). Here the ammonia was estimated 30 min. after the addition of Nessler reagent and is recorded 


in the last column of the table. 


All results are expressed as apparent pg. ammonia N/ml. solution. In the tissue extracts this is approximately equal to 


pg. N/20 mg. dry tissue. 


Estimates of ammonia N after acid hydrolysis 


Corrected 


30 min. reading 


Uncorrected. 0 min. reading after steam 


30 min. reading (byextrapolation) distillation 

= Sucar—s as saan 

2-24 wg. N/ml. plus: ugar—ammonia solutions 
5 mg. glucose/ml. 2-49 2-29 2-25 
5 mg. sucrose/ml. 2-58 2-26 2-24 
1 mg. xylose/ml. 5-34 2-25 2-23 

Aqueous extracts of barley tissues 

Embryos from 13-day-old seedlings 6-40 87 5-69 
Endosperms from 6-day-old seedlings 7-05* 6-15 6-21 
7:16 6-12 6-22 
Leaves from mature plants 7-39* 6-69 6-68 
7:39 6-78 6-71 


* Duplicate estimates. 
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furfural, formed from carbohydrates during acid hydrolysis 
of the protein preparation: a close correlation (r=0-995; 
n=9; P<0-001) could be demonstrated between the rate of 
increase of colour intensity and the amount of furfural 
present in the distillate (as determined by the colorimetric 
method of Youngburg & Pucher, 1924). Two ways of over- 
coming this difficulty were developed. One was to extra- 
polate the rectilinear graph of colour intensity against 
time to zero time. An alternative and more satisfactory 
method was to remove furfural by steam distillation of the 
acidic hydrolysate before transferring the residue to the 
vacuum-distillation apparatus and making alkaline for 
the distillation of NH,. Steam distillation for 5 min. from 
a Kjeldahl flask was sufficient to remove all the furfural, 
and this method was adopted for routine determina- 
tion of amide content of all except relatively carbo- 
hydrate-free protein preparations. A comparison of both 
methods of correction is given for mixtures of sugars 
and (NH,),SO, and for extracts of plant material in 
Table 1. It can be seen that the steam distillation method 
is the more reliable. 

For the purpose of characterization of the protein 
fractions the amide content is usually expressed as amide 
N as % of the total protein N. The estimates of amide 
content so obtained are thus largely independent of non- 
nitrogenous contaminants, especially when mild condi- 
tions, such as those described above, are used for the 
hydrolysis. Under more severe conditions of hydrolysis 
additional ammonia may be derived from the breakdown 
of amino acids and this is probably influenced by the 
presence of carbohydrates (Chibnall, 1939, p. 282; Yemm, 
1950). For this reason, the results of earlier workers, who 
used strong acid hydrolysis, are of less value for character- 
ization and are not directly comparable with the present 
results. 


1950 


Total nitrogen. This was determined by Kjeldahl inciner- 
ation followed by steam distillation and treatment with 
Nessler reagent as described by Yemm & Folkes (1953). 

Analysis of protein preparations and estimations of amino 
acid content were by the methods of Yemm & Folkes (1953); 
all of the amino acids with the exception of alanine and 
threonine were determined by microbiological assay, and a 
specific decarboxylase (Gale, 1945) was used to give 
additional estimates of glutamic acid. Alanine and 
threonine were estimated by the methods described by 
Folkes (1953). 


Separation and characterization of hordenin 


The method of Csonka & Jones (1929) was 
adopted as a basis for experiments on the prepara- 
tion of hordenin from barley flour. This method 
entailed the extraction of the glutelin in ethanolic 
NaOH (0-:05n-NaOH in 50 % v/v aqueous ethanol), 
and its precipitation by adjusting the pH to 6-8. 
The subsequent fractionation with (NH,).SO,, 
used by Csonka & Jones, was, however, omitted in 
the present work because of the difficulty of 
quantitative estimation of protein N in the 
presence of this reagent. Instead, the protein was 
repeatedly dissolved in ethanolic NaOH and re- 
precipitated at pH 6-4 with HCl, samples being 
taken for the determination of amide content after 
each precipitation. The results of a preliminary 
investigation are given in Table 2. In this experi- 
ment, the albumin, globulin and non-protein 
fractions were first removed by extraction with 5% 
(w/v) K,SO, solution. The flour was then extracted 


Table 2. Extraction of barley flour and the isoelectric precipitation of hordenin 
at varying concentrations of ethanol 


Whole grains of barley were ground in an adjustable cone mill. The flour was extracted exhaustively at the centrifuge 
with 5% (w/v) K,SO, and then with 0-05N-NaOH in 50% (v/v) ethanol. A balance sheet for the total N and the amide N 


extracted is shown in the upper part of the table. 


Portions of the ethanolic NaOH extract were made to different ethanol concentrations and adjusted to pH 6-4 with 
dilute HCl. The precipitated protein was redissolved in ethanolic NaOH and again precipitated with HCl at the same 
ethanol concentration as before. The total N and amide N of successive precipitates are shown in the lower part of the 


table. 


Extraction 
Soluble in 5% K,SO, 
Soluble in ethanolic NaOH 
Insoluble residue 
Sum of fractions 
Whole flour (direct estimate) 
Precipitates from fraction soluble 
55% (v/v) ethanol: precipitate 
precipitate : 
45%, (v/v) ethanol: precipitate 
precipitate « 
precipitate 


Whom bo 


35% (v/v) ethanol: precipitate 1 
precipitate 2 


mg. N/g. flour 











Amide N o%) 


Total N Amide N Total N ‘” 


in ethanolic NaOH 


5-04 0-342 68 
7-62 1:37 18-0 
2-70 0-214 7-9 
15-4 1-93 ~~ 
153 1-92 a 
1-86 0-190 10-2 
1-44 0-144 10-0 
1-94 0-234 12-1 
1-68 0-170 10-1 
1-42 0-144 10-1 
3-92 0-652 16-6 
3-54 0-538 15-2 
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with ethanolic NaOH, and portions of the alkaline 
extract were adjusted to various ethanol concen- 
trations and then fractionated by repeated pre- 
cipitations at pH 6-4. It can be seen from Table 2 
that the first precipitate from a solution containing 
55% (v/v) ethanol had amide N approx. 10% of 
total N, and this was relatively unchanged on re- 
precipitation. On the other hand, the precipitate 
from 45 % ethanol reached this amide content only 
after one reprecipitation and similar treatment 
with 35% ethanol left a precipitate whose amide 
content was 15%. Since it is known that hordein 
has an amide content of approx. 23% (Bishop, 
1928), these results suggested that the precipitate 
was severely contaminated with this alcohol- 
soluble protein at low concentrations of ethanol, 
but that at higher concentrations of ethanol the 
precipitate was a reproducible fraction, capable of 
reprecipitation without change of amide content. 
This distinctive fraction is considered to be barley 
glutelin, hordenin. 
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prolonged exposure to the ethanolic NaOH solution 
and loses the property of precipitation at the iso- 
electric point. Presumably this modification in- 
volves hydrolysis, but no increase in free NH, can 
be detected in alkaline solutions of the protein. 
A similar phenomenon has been reported for 
glutenin from wheat by Blish (1925). 

Results of a further experiment, given in 
Table 3, demonstrate that, provided the hordenin 
is exposed to the alkali for not more than 1-2 hr., 
almost quantitative separations of hordein and 
hordenin can be made. In this experiment, the 
hordenin was precipitated from a solution con- 
taining 45% ethanol. Here, as in the previous 
experiment, the amide content of the precipitate 
was nearly 12%, although, after solution in fresh 
ethanolic NaOH and reprecipitation, the amide 
content fell to 10 %. The fraction left in solution by 
this reprecipitation can be estimated from the 
differences between the first and second pre- 
cipitates. Its high amide content, similar to that of 


Table 3. Separation of hordein and hordenin from barley flour 


Endosperms of barley grain were ground in a ball mill and then extracted as described in Table 2. The fraction soluble 
in ethanolic NaOH was further fractionated by repeated precipitation of the hordenin at pH 6-4 from 45% (v/v) ethanol. 
The amide content of successive precipitates is shown below. Precautions were taken in this experiment to avoid pro- 


longed exposure of the proteins to alkaline conditions. 


Extraction 
Soluble in 5% K,SO, 
Soluble in ethanolic NaOH 
Insoluble residue 
Sum of fractions 
Endosperm flour (direct estimate) 


mg. N/g. flour 








Fractionation of fraction soluble in ethanolic NaOH 


Unprecipitated at pH 6-4 
Precipitated at pH 6-4 (precipitate 1) 
Sum (cf. total extract, above) 
Reprecipitation of precipitate 1 
Precipitate 2 
Precipitate 3 
Differences between successive precipitates 
Precipitate 1 — precipitate 2 
Precipitate 2 — precipitate 3 


However, if the ethanolic NaOH extracted only 
hordein (amide content 23 %) and hordenin (amide 
content 10%) it should be possible to calculate 
trom the amide content of the mixture the relative 
proportions of the two components. On this count, 
the hordenin fraction in this experiment should 
contain approx. 2:94 mg. N/g. flour. In fact, none 
of the fractions which were precipitated and had an 
amide content of about 10% of the total N, 
exceeded 1-86 mg. N/g. flour. Later experiments 


revealed that hordenin is appreciably modified on 


Amide N (%) 
Total N Amide N Total N ‘’° 
5-12 0-482 9-4 
15-4 2-93 19-0 
1-99 0-116 5:8 
22-5 3-53 
22-5 3-46 ie 
10-15 2-25 22-2 
5-50 0-652 11-8 
15-65 2-90 a 
4-75 0-476 10-0 
4-25 0-422 9-9 
0-75 0-176 = 
0-50 0-054 ll 


the fraction left after the first precipitation, indi- 
cated that this was hordein, the main contaminant. 
Further reprecipitation results in some loss of 
hordenin; this is shown by the low amide content of 
the material remaining in solution after the third 
precipitation, as calculated from the difference 
between the second and third precipitates. This 
experiment seems to establish with reasonable 
certainty that the ethanolic NaOH extract con- 
tains only two types of protein, hordein and 
hordenin. Within the experimental error of the 
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determinations, which may be judged from the agree- 
ment between the sum of fractions and the direct 
estimates, these two protein fractions are shown to 
have amide contents of approx. 23 and 10% 
respectively and to occur in quantities which agree 
closely with those calculated in the manner 
described above from the amide content of the 
ethanolic NaOH extract, namely 10-65 mg. hordein 
N and 4-75 mg. hordenin N/g. flour. 


Preparation of proteins for analysis 

Specimens of albumin, globulin and hordein were pre- 
pared by methods closely similar to those of Osborne 
(1895a) and the procedure is only briefly summarized here. 
A more detailed description of the preparation of hordenin 
is given, as this has not been previously described and the 
volumes employed are important; attempts to carry out 
the preparation with a smaller ratio of solvent to flour 
resulted in specimens of hordenin severely contaminated 
with hordein. The whole barley flour used in these pre- 
parations was obtained from grain of high nitrogen content 
(2% N) by grinding in a rotary hammer mill. 

Albumin and globulin. Barley flour was shaken with 
5 times its weight of 5% (w/v) K,SO, for 30 min. and then 
centrifuged off and re-extracted in the same way. The 
combined extracts were filtered and then saturated with 
(NH,),SO,. The precipitate was filtered off, redissolved in 
3% K,SQ,, and then dialysed against tap water and finally 
distilled water. The precipitated globulin was centrifuged 
off and the solution filtered through a pad of paper pulp. 
From this solution the albumin was coagulated by heating 
to 80° in the presence of 0.01m sodium acetate buffer 
(pH 4-6). Both proteins were washed with distilled water, 
twice with ethanol, once with ether and finally dried at 
80°. Preparation I from 300 g. flour gave 0-57 g. albumin 
and 1-57 g. globulin. Preparation II was more carefully 
purified, in that the globulin precipitate was redissolved in 
5% K,SO,, filtered and redialysed. The albumin solution 
was also redialysed and filtered before the albumin was 
coagulated. 600g. flour gave 0-82 g. albumin and 0-39 g. 
globulin. The low yield of globulin was probably due to the 
difficulty of completely redissolving the precipitated protein 
after the first dialysis. 

Hordein. The extracted residue from preparation I 
above was heated to 55° with 1-51. 70% (v/v) ethanol for 
30 min., with occasional shaking, and then centrifuged off 
rapidiy. The decanted supernatant was somewhat cloudy 
because hordein came out of solution as the solvent cooled. 
It was therefore reheated before it was filtered. The filtrate 
was concentrated in vacuo to one-third of its original 
volume and then refrigerated to complete the precipitation 


Table 4. 





1956 


of the protein. The precipitate was centrifuged off and 
extracted twice with a total of 11. of hot 70% ethanol. 
The combined extracts were reheated and poured into 7 |. 
of absolute ethanol to precipitate the hordein. The centri- 
fuged precipitate was washed twice with ethanol and once 
with ether and dried at 80°. Total weight from 300 g. flour 
was 6-40 g. 

Hordenin. 560g. flour was extracted by shaking for 
15 min. with 2-41. 5% K,SO, and then centrifuging. This 
was repeated twice with K,SO, and then once with distilled 
water. All these extracts were rejected. The residue was 
then similarly extracted four times with 0-05N-NaOH in 
50% (v/v) ethanol. The combined extracts were filtered 
through a pad of paper pulp, previously washed with 50% 
ethanol, and then made up to 241. and 55% (v/v) ethanol 
content by addition of 8-5 1. ethanol and 6 1. distilled water. 


This dilution was necessary to prevent the separation of 


hordein at the next step, which was to adjust the pH to 
6-4-6-5 at the glass electrode by the addition of 2N-HCl 
(approx. 50 ml.). The whole procedure was performed as 
quickly as possible so that the pH adjustment was com- 
plete not more than 3 hr. after the start of the ethanolic 
NaOH extraction. The dense precipitate of hordenin was 
allowed to settle for 2 hr. and was then separated by 
decanting and centrifuging. The separated protein was 
pounded in a mortar to break up lumps and then stirred 
mechanically for 30 min. with 1-61. ethanolic NaOH. The 
slightly cloudy solution was centrifuged and a slight 
amorphous residue separated. To the clear solution were 
added 3-61. ethanol and 2-8 1. water to bring the ethanol 
content to 55%. The pH was then adjusted to 6-4 and the 
precipitate allowed to settle. The solid, collected by de- 
canting and centrifuging, was washed twice with ethanol 
and once with ether and dried at 80°. During this final 
washing the product became contaminated with a small 
amount of glass wool, but the low ash content of the pre- 
paration (see Table 4) shows this to be of negligible im- 
portance. Total yield was 4-39 g. 


RESULTS 
General analysis of protein preparations 


Results of analyses of total N, ash and amide 
content of the various protein preparations are 
given in Table 4. From this it is apparent that the 
preparations IT of albumin and globulin are purer 
than preparations I. This is evident from the very 
low total N of globulin I, indicative of carbo- 
hydrate contamination, and from the slightly lower 
amide content of albumin I which may be caused 


Analysis of protein preparations 


The values (%) are for moisture-free preparations. 











Albumin Globulin 
— P = — - = 
I Il I II Hordein Hordenin 
Total N 15:3 15-3 11-9 16-9 16-6 15-5 
Ash — 0-4 —- 3°6 0-2 2-4 
Total N (cale. for ash-free sample) - 15:3 17-5 16-6 15-9 
Amide N (as % total N) 58 5-9 | 5-1 23-0 10-3 
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by globulin contamination. For this reason pre- 
parations II were used as far as possible for the 
analysis of amino acid content described in the 
next section. 


Amino acid content of the proteins 
The results of the analyses of amino acid content 
are given in Table 5. Those for albumin are based 
throughout on preparation II. Globulin II was also 
mainly used, but the data for glycine, alanine, 
tryptophan, serine and threonine are derived from 
globulin I. 
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and manometrically by glutamic acid decarb- 
oxylase, although the results for albumin are an 
exception; it seems probable from a detailed ex- 
amination of these analyses that a value of 8-2% 
glutamic acid N is not inconsistent with either set 
of data. As in the analyses of the protoplasmic 
proteins, estimates of tyrosine in both acid and 
alkaline hydrolysates agree fairly closely; such 
differences as do appear may be attributed to 
experimental error rather than to any systematic 
differences in ‘losses under the two hydrolysis 
procedures. 


Table 5. Amino acid content of the protein preparations 


All results as N in % of protein N. 


Protoplasmic 
Hordein protein, barley 
 -- seedling 
Present Others (Yemm & 
work (Bishop, 1928) Hordenin Globulin Albumin Folkes, 1953) 
Amide (mild hydrolysis) 23-0 -= 10-3 5-1 5-9 4-8 
Aspartic acid 1-2 0-81 4-7 5-6 8-0 6-6 
ate aq {assay 23-0* ) 99.0892: ( 11-6 6-8 8-7) . 
Glutamie acid |decarboxylase 23-6 | 22-85-23-9 | 118 71 7-7} 8-0 
Proline 15-3* 4-16-9-72 6-6* 2-7* 4-2* 3-9 
Glycine 1-7* 0-00 5-2 10-7 6-7* 6-9 
Alanine 2-2 0-39-1-22 6-6 0-65 7-2 8-3 
Valine 3°5 0-09-0-97 4:9 4-1 58 5-1 
Leucine 4-6) aa S {5-8 4-5 5-7 6-0 
Isoleucine 3-6 | 5-52-4-86 135 2-2 4-1 4-5 
Phenylalanine 3°6 2-48-2-71 2-7 2-1 3-0 3-1 
Mornin, {acid hydrol. 1-6) 771.20 (1-9 1-5 2-7) os 
Tyrosine } sik. hydrol. 1-6) 0-75-1680 11-9 1-3 2.2) 2 
Tryptophan (alk. hydrol.) 0-70 0-36-0-85 1-1 0-65 1-3 1-9 
Serine 3-2 0-08 4-2 3-9 4-1 3°5 7 
Threonine 1-9 _ 3-1 2-4 3-4 4-0 
Cystine + cysteine 1-5 1-00-1-05 0-90* 2-6 1-5 0-9 
Methionine 0-75 — 1-1 0-90 1-4 1-2 
Lysine 0-80* 0-00 4-8* 6-3* 7-9* 7-9 
Histidine 2-2* 0-80—2-02 4:3 3-1* 4-3* 4-2 
Arginine 6 4-04-5-88 12 22 13 15 
Insoluble humin 0-85 -- 3-9 1-4 1-9 4:3 
Ammonia (acid hydrol.) 23-0 20-8-23-3 11-5 8-0 7-0 5:8 
Total in acid hydrolysate 100-8 — 99-44 91-67 100-17 101-57 


* Based on duplicate assays. 


+ Amide and tryptophan are omitted from this total. A mean value has been taken for glutamic acid. 


All of the analyses were carried out alongside 
those of the protoplasmic proteins of barley already 
described by Yemm & Folkes (1953). The comments 
made in that paper on the probable accuracy of the 
estimates apply equally here. In general, the 
standard error of individual determinations is 
unlikely to be greater than about 4%, but losses 
during hydrolysis may be severe in the estimation 
of cystine and cysteine and somewhat less ex- 
tensive with methionine, threonine and serine. The 
analyses of arginine are considerably less reliable 
than those of the other amino acids. 

As can be seen from Table 5, satisfactory agree- 
ment is, in the main, apparent between the esti- 
mates of glutamic acid by microbiological assay 


For three of the protein preparations analysed in 
the present investigation it was possible to account 
for 99-101% of the total nitrogen in terms of 
amino acids, ammonia and humin estimated in the 
acid hydrolysate. A similar result was obtained in 
the analyses of the protoplasmic proteins. The 
position of the globulin, in which less than 92 % of 
the N can be accounted for, is therefore exceptional. 
The result suggests that some nitrogen-containing 
compound other than those estimated may be 
present in the globulin fraction. No unknown spot 
could be detected by ninhydrin on two-dimensional 
paper chromatograms of the hydrolysate run in 
phenol saturated with water and in butanol- 
acetic acid—water (2:1:1 by vol.) and tests for 
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hydroxyproline by the method of McFarlane & 
Guest (1939) were negative. No suggestion can 
therefore be put forward as to the nature of this 
unknown component. However, assuming that 
purified barley globulin has a nitrogen content of 
i8-1% (Osborne, 1895a) and that the unknown 
component accounts for 8% of the protein N, its 
nitrogen content would be about 15%. 

The fairly complete recoveries of total N noted 
for the other three protein fractions allow estimates 
to be made of their probable nitrogen contents 
when free of carbohydrates and other contaminants. 
Thus ‘pure’ preparations of hordein, hordenin and 
albumin are likely to have nitrogen contents of 
17-5, 17-4 and 16-7% respectively. It is note- 
worthy that Osborne (1895a) found 17-4 and 
16-83% as the nitrogen contents of his purest 
preparations of hordein and albumin. 


DISCUSSION 


Few previous analyses of the proteins of: barley 
grains are available for comparison with the present 
results. Only hordein has been extensively 
analysed, and for this component results, obtained 
chiefly by the ester distillation method, have been 
reviewed by Bishop (1928) and are given, expressed 
on a percentage nitrogen basis, in Table 5. As 
might be expected from the methods used, the 
greatest differences as compared with the present 
analyses are apparent for monoamino monocarb- 
oxylic acids; reasonable agreement is, in general, 
found for amide and the basic and acidic amino 
acids. No previous analyses are available for the 
other protein fractions except for results by the 
indirect method of Van Slyke (1911). These results, 
while recognized to be unreliable, are of interest in 
connexion with the published methods for the 
preparation of hordenin. As already noted in this 
paper, if hordenin is to be prepared uncontaminated 
with hordein, care must be taken to carry out the 
isoelectric precipitation from a volume of ethanolic 
sodium hydroxide which is large enough to retain 
in solution all the hordein present. In their pre- 
paration, Csonka & Jones (1929) used a volume 
which was only about one-quarter of this, and while 
subsequent precipiiations with ammonium sul- 
phate may have resulted in further purification, it 
seems probable from the low lysine N (3-4 % of the 
protein N) and high ammonia N (16-1 %) content 
of their preparation that it was severely contami- 
nated with hordein. In contrast, Larmour (1927) 


used barley flour from which the hordein had 
already been extracted by hot ethanol and there 
was thus no danger of contamination, although the 
protein may have been somewhat denatured. His 
values for lysine N and ammonia N by the Van 
Slyke method were 5-3 and 11-4%, quite close to 
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those given for hordenin in Table 5 (i.e. 4-8 and 
11-5 %). 

When the four types of protein from barley 
grains are compared with one another, it is clear 
that hordein and hordenin are markedly different 
from the albumin and globulin. These latter 
resemble much more closely the protoplasmic 
protein from young barley seedlings described by 
Yemm & Folkes (1953) and this is especially true 
of the albumin preparation (see Table 5). Osborne 
(1909) has pointed out that most of the albumin 
and globulin of the wheat grain are present in the 
embryo, and are probably physiologically active 
proteins; the relatively much smaller amounts in 
the endosperm may be derived from the proto- 
plasmic structures of this tissue. From analyses 
performed in this laboratory it is likely that the 
same is true for barley. Moreover, the close 
association of diastatic properties with the albumin 
of barley malt, noted by Osborne (18956), and the 
similar physical properties (e.g. isoelectric point, 
heat cogulation) of albumin and the protoplasmic 
proteins further support this idea. In contrast, 
hordein and hordenin may be considered as 
relatively inert storage products. 

It can be seen from Table 3 that over 90 % of the 
total nitrogen of the grain can be extracted by 5% 
potassium sulphate solution followed by ethanolic 
sodium hydroxide. Of these extracts, it has been 
shown that the ethanolic sodium hydroxide extract 
may be cleanly fractionated into hordein and 
hordenin, while the extract in potassium sulphate 
solution contains albumin, globulin and _ non- 
protein nitrogeneous fractions. The small pro- 
portion of nitrogen left unextracted in the flour 
has a low amide content similar to that of the 
physiologically active proteins, and it seems 
probable that this represents protoplasmic protein, 
either denatured or trapped in unruptured cells. 
Some support for the latter view is given by the 
fact that this fraction is larger when the flour is 
ground in an adjustable cone mill, which is less 
efficient than a ball mill (cf. Tables 2 and 3). 

The nitrogenous constituents of barley grains 
can therefore be analysed into two types of 
storage proteins, hordein and hordenin, together 
with smaller amounts of physiologically active 
proteins and non-protein compounds. Upon 
germination of the grain, practically all of these 
constituents are broken down; the products are 
translocated to the growing embryo and are there 
incorporated into protoplasmic proteins and, to a 
much smaller extent, non-protein substances 
(Folkes, Willis & Yemm, 1952). The major changes 
are therefore the conversion of the storage proteins 
into physiologically active, protoplasmic proteins. 
The latter have already been examined by Yemm & 
Folkes (1953) and have been shown to vary little in 
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composition, whether derived from cytoplasm or 
chloroplasts or from seedling or mature tissues. It 
is therefore possible to estimate the nature and 
extent of the amino acid interconversions involved 
in germination by a comparison of the amino acid 
contents of the storage and protoplasmic proteins. 
A similar comparison has already been made by 
Chibnall (1939) from rather incomplete analyses of 
the proteins of wheat, and the present results 
largely confirm his conclusions. 

It can be seen from Table 5 that hordein and 
hordenin are far richer than the protoplasmic pro- 
teins in amide, glutamic acid and proline. Indeed 
over 60% of the hordein N is accounted for by 
glutamic acid and amide (probably associated as 
glutamine) and proline residues. On the other 
hand, the storage proteins are markedly deficient in 
aspartic acid, alanine, glycine and the basic amino 
acids lysine and arginine. Smaller deficiencies in 
isoleucine, tryptophan and threonine may also be 
noted. It is therefore reasonable to suppose that, 
during the germination of the barley grain, there 
is an overall synthesis of these amino acids, the 
nitrogen for which is derived almost wholly from 
glutamine and proline residues in the storage 
proteins. By measurements of the quantitative 
changes in the various protein fractions during 
germination of barley grain, more precise estimates 
of the interconversion of amino acids can be made; 
their significance in relation to the metabolism of 
the seedling will be considered more fully in a later 
paper. 

SUMMARY 


1. Preparations are described of the four chief 
protein fractions of barley grains, i.e. albumin, 
globulin, prolamin (hordein) and glutelin (hordenin). 
One of these, hordenin, is prepared by a new 
method which was tested in a series of experiments 
involving isoelectric reprecipitation of the protein 
from solutions of different ethanol content. 

2. Analyses of amino acid content of the various 
preparations have been made, chiefly by micro- 
biological assay. The results are compared with an 
analysis of the protoplasmic protein of barley 
seedlings which has been previously described. 
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3. While the albumin and the globulin closely 
resemble the protoplasmic proteins in their amino 
acid content, hordein and hordenin differ widely 
from it. The significance of these results is dis- 
cussed with reference to the status of the albumin 
and the globulin and to the amino acid intercon- 
versions involved in the germination of the barley 
grain. 


We are indebted to Dr A. J. Willis and Professor M. 
Skene for their helpful criticism of the manuscript. 
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The mechanism of the production of diabetes in 
animals given injections of alloxan has been the 
subject of much study in recent years. Since the 
original publication of Dunn, Sheehan & McLetchie 
(1943) it has been established that the diabetes is 
pancreatic in origin but the chemical mechanisms 
involved have doubt. Leech & 
Bailey (i945), using the arsenophosphotungstic acid 
method, were among the first to observe a pre- 
cipitous but temporary fall in the concentration of 
glutathione in the blood of rabbits after the intra- 
venous injection of diabetogenic amounts of 
alloxan. Since then other workers (Bruckmann & 
Wertheimer, 1947; Binet, Wellers & Marquis,1949; 
Collin-Williams, Renold & Marble, 1950) have 
reported similar falls in glutathione in the blood 
of rats and guinea pigs after alloxan injection, 
though the guinea pigs do not develop diabetes 
(West & Highet, 1948). On the basis of these 
observations upon blood glutathione concentration 
and other circumstantial evidence, Lazarow (1949) 
suggested that alloxan forms an addition com- 
pound with sulphydryl groups in the 8 cells of the 
islets of Langerhans, so causing death of these cells. 

Certain structural similarities between dehydro- 
ascorbic acid (DHA) and alloxan suggested that 
the former compound might also be diabetogenic. 
Patterson (1949, 1950) was the first to report the 
production of diabetes in rats given large amounts 
of DHA by intravenous injection. Lazarow (1954) 
in particular has suggested that the mechanism of 
the production of diabetes by DHA may be similar 
to that by alloxan and cites evidence in support 
of this view. 
made, and are recorded in this paper, of the con- 
centration of glutathione in the blood and tissues 
of rats and in the blood of rabbits following the 
intravenous injection of alloxan and DHA. In the 
former animals both substances are diabetogenic 


remained in 


Measurements have therefore been 


and produce histological changes in the islet cells 


of the pancreas (MacDonald & Bhattacharya, 


1956). Since, in these experiments, the specific 
glyoxalase method of Dohan & Woodward (1939), 
as modified by Bhattacharya, Robson & Stewart 
(1955) for the determination of glutathione (GSH), 
oxidized glutathione (GSSG) and total glutathione 


(GSH+GSSG), was employed, opportunity was 
taken to repeat the experiments of Leech & Bailey 
with alloxan and to extend the observations to 
include tissue analyses. 


METHODS 


Animals and diets used. Adult rabbits of both sexes 
weighing 1500-3000 g. and Wistar albino rats (Glaxo) of 
both sexes and 125-310 g. in weight were used in the 
experiments. 

Because of the reported influence of diet upon sus- 
ceptibility to experimental diabetes (Kass & Waisbren, 
1945; Grunert & Phillips, 1949) details of the diets em- 
ployed in these experiments are given in full. The rabbits 
were maintained on pellets of the following composition: 
bran 15%, barley meal 20%, ground-nut meal 15%, 
linseed cake 10%, dried meat and bone meal 8%, dried 
grass meal 30%, CaCO, 1% and NaCl 1%. The crude 
digestible protein of this diet was 165%, fat 46%, 
soluble carbohydrate 33-7% and fibre 6-7%. Each rabbit 
received approximately 100g. of the pellets/day, about 
15 g. of hay/day and water ad lib. Supplements of cabbage 
were given twice weekly. The rats were fed on rat cubes of 
the following composition: wheat offal bran 17-7%, ground 
wheat 17-7%, Sussex ground oats 17-7%, ground maize 
8-8 %, meat and bone meal 8-8 %, ground barley 8-8 %, fish 
meal 4-5 %, dried skimmed milk powder 14%, NaCl 0-4%, 
cod-liver oil 0-4%, dried yeast 1-2%. The rats had free 
access to water and food. 

Collection of blood and preparation of tissues. Blood was 
withdrawn by cardiac puncture from rabbits without 
sedation and from the abdominal aorta of rats, under 
nembutal anaesthesia. Heparin was used as anticoagulant. 
The blood (3 ml.) was immediately added slowly and with 
shaking to 3% (w/v) sulphosalicylic acid (12 ml.). In a few 
preliminary experiments the rabbits were sedated with 
nembutal for cardiac puncture and injection of DHA but 
later this was discontinued in view of the high death rate in 
such animals when injected with DHA. The rats were 
injected with DHA without any anaesthesia, unless other- 
wise stated. For the collection of tissues, however, the rats 
were always anaesthetized with nembutal. For tissue 
analysis a suitable amount was added to 5-7 ml. of sulpho- 
salicylic acid and weighed. It was then ground with 
acid-washed sand, the supernatant solution being poured 
into a volumetric flask. The grinding with acid was re- 
peated several times, and the combined extracts were made 
up to a standard volume with sulphosalicylic acid. Tissue 
weights are given as wet weights. 
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Solutions for injection. DHA solution (100 mg./ml.) in 
0-9% NaCl was prepared using the method of Patterson 
(1950). Since this solution contains a trace of quinol as 
indicated by the Chloramine-T test, control animals were 
injected with ether-extracted solutions of pure quinol in 
normal saline, the ether being removed in both test and 
control solutions by suction. Since in the preparation of 
DHA, 0-66 g. of quinone is reduced by 1-08 g. of ascorbic 
acid, the control solutions were made by dissolving 0-66 g. 
of quinol in 10 ml. of ether and shaking with 10 ml. of NaCl 
(0-9 g./100 ml.) for 15 min. Five further ether extractions 
of the saline were then made as in the preparation of DHA. 
The DHA solutions freshly prepared in this way were found 
to be reducible (95-98%) by H,S at pH 3-5 and 37° 
(Levenson, Rosen & Hitchings, 1951). 

10% (w/v) alloxan (Genatosan Ltd.) solution was 
prepared in 0-9% NaCl immediately before use. 

Injection method. Injections of alloxan or of DHA were 
given into the marginal ear vein of the rabbits and into the 
tail vein of the rats. In the case of DHA an initial desensi- 
tizing dose (D.D.) of 200-500 mg. was given to rabbits 
and 30 mg./100 g. body weight to rats 15 min. before the 
administration of the final dose (F.p.). In some rabbits the 
latter was given in divided amounts over a period of 60 min. 
to several days. Details of dosage used in each experiment 
are given later. 

Chemical methods. GSH in tissues and blood was deter- 
mined using the modified glyoxalase method as reported by 
Bhattacharya et al. (1955), 3% (w/v) sulphosalicylic acid 
being used as the protein precipitant. The validity of the 
glyoxalase method in the presence of amounts of DHA 
from 0-125 to 1-0 mg. with 0-05 mg. of pure GSH was tested. 
The glyoxalase reaction remained unaffected. 

Oxidized glutathione in the blood filtrates was reduced to 
GSH electrolytically and the total glutathione was then 
measured by the glyoxalase method, using the technique of 
Dohan & Woodward (1939) as modified by Bhattacharya 
et al. (1955). In a few instances glutathione was determined 
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13 
in blood by the iodometric method of Woodward & Fry 
(1932) or Potter & Franke’s (1935) modification of Benedict 
& Gottschall’s (1933) technique. 

Blood glucose was determined by the method of Hage- 
dorn & Jensen (1923a, b) at least 24 hr. after the injection 
of DHA. 


RESULTS 


Effect of alloxan injection on blood 
glutathione in rabbits 


Table 1 shows the results of the determination of 
blood glutathione in rabbits following a single 
intravenous injection of 20 mg./100 g. body weight 
of alloxan. Blood samples were withdrawn im- 
mediately before (control) and immediately after 
the injection (<1 min.) and in some instances 15 
and 60 min. after the injection. The table includes 
figures for pre-existing blood GSH and total GSH 
after electrolytic reduction, using the glyoxalase 
method, and also figures for pre-existing GSH, using 
the method of Benedict & Gottschall (1933) as 
modified by Potter & Franke (1935), since this was 
the method employed by Leech & Bailey (1945). 
Although the two methods do not give the same 
result in the blood samples withdrawn before the 
injection of alloxan, both show a precipitous fall in 
the concentration of GSH after the injection. The 
average fall in the blood concentration of GSH 
immediately following the injection using the 
glyoxalase method is 23-6 mg./100 ml. In the one 
animal in which the determination was made 
60 min. after the injection, the concentration was- 
found to have returned almost to the pre-injection 
value. These results confirm those obtained by 


Table 1. Concentration of GSH, GSSG and total GSH in rabbit blood before and after 
intravenous injection of alloxan (20 mg./100 g. body weight) 


Packed red 


Potter & Franke’s 
modification of 


Glyoxalase method 
: A Benedict & 





Total 


Weight of Time of blood blood cell Gottschall’s 
rabbit withdrawal volume GSH GSSG glutathione method. GSH 
(kg.) (min.) (%) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) 
1-5 Control 44 5s 20 7 70 
<1 42 18 28 46 32 
15 — — — — 28 
1-6 Control 42 55 13 68 70 
<l 42 23 3 26 32 
2-1 Control 40 20 ll 3l — 
15 39 9 16 25 — 
3-0 Control 42 24 16 40 — 
<5 43 + 27 31 - 
2-5 Control 48 25 21 46 — 
<i 51 6 22 28 
60 43 21 17 38 
1-6 Control 40 30 13 43 
<j 45 18 6 24 
Average change immediately — 23-6 + O-6 — 23-0 - 


(1 min.) after alloxan injection 
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Leech & Bailey, and the similarity of the results 
obtained by the two methods along with the 
specificity which may be attached to one of them 
support the view that there is an immediate and 
temporary fall in blood GSH concentrations after 
alloxan injection. The concentrations of GSH and 
GSSG in these blood samples, using the glyoxalase 
procedure after electrolytic reduction of the filtrate 
(total GSH), are also given. Total GSH figures 
obtained immediately after injection are con- 
sistently smaller than those obtained before the 
injection, the average reduction being 23-0 mg./ 
100 ml. It may be deduced from this that the 
diminution in the concentration of GSH in the 
blood is not solely or even largely due to oxidation 
to the GSSG form, although in some cases such 
oxidation seems to have occurred to some extent 
and the concentration of GSSG has risen. The 
results are consistent with the formation of a 
complex between GSH and alloxan for which in 
vitro evidence has been advanced by Lazarow, 
Patterson & Levey (1948) and Patterson, Lazarow 
& Levey (1949). Animals of comparable weight 
given control injections of saline showed no altera- 
tions in the concentration of GSH in the blood. 


Effect of alloxan injection upon the glutathione 
content of rat blood and tissues 


Table 2 shows the concentrations of glutathione, 
using the glyoxalase method, found in the blood, 
liver and pancreas in five rats given a single intra- 
venous injection of alloxan 20 mg./100g. body 
weight. Blood and tissue were taken and analysed 
at times following injection varying from im- 


Table 2. 
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mediately after the completion of the injection to 


15min. after the administration of alloxan. 
Table 3 gives corresponding figures for control rats 
given a single injection of saline intravenously. The 
figures confirm the reduction in the concentration 
of GSH in the blood of rats reported by Bruckmann 
& Wertheimer (1947). That this decrease in the 
blood is the result of either destruction or complex 
formation is again seen from the values obtained 
for total glutathione after electrolytic reduction. 
There is also a striking reduction in the concentra- 
tion of GSH in the liver without the appearance of 
appreciable amounts of GSSG, the figures obtained 
in the alloxan-injected animals being smaller than, 
and showing no overlap with, the figures of the 
control group. There is no apparent difference in 
the values obtained for GSH in the pancreas of the 
control group as compared with those obtained in 
the alloxan-injected animals. 


Effect of dehydroascorbic acid upon 
blood glutathione in rabbits 


Tables 4 and 5 give the concentrations of blood 
glutathione of rabbits before the injection of a 
desensitizing dose of DHA (control) and at intervals 
after a final dose of DHA given 15 min. later. The 
amounts of DHA injected are shown in the tables. 
In a few animals the final dose was not given as 
a single injection, but in parts at 10-15 min. 
intervals. Table 4 shows values of blood GSH, total 
glutathione and GSSG determined by the iodo- 
metric method of Woodward & Fry (1932). It has 
already been established that the GSH values 
obtained by this method, when applied to blood, 


Concentration of GSH, GSSG and total GSH (glyoxalase method) in rat blood and tissues 


at various intervals following intravenous injection of alloxan (20 mg./100 g. body weight) 








Blood 
Total 
Time after GSH GSSG _ glutathione Time after 
injection (mg./ (mg./ (mg./ injection 
(min.) 100 ml.) 100ml.) 100 ml.) (min.) 
<l 13 17 30 <l 
<q 11 5 16 << 
5 4 — — 7 
10 3 0 3 12 
10 4 5 9 12 
Mean 7-0 


Table 3. 











Liver 
~ Pancreas 
Total a 

GSH GSSG glutathione Time after GSH 
(mg./ (mg./ (mg./ injection (mg./ 
100 g.) 100 g.) 100 g.) (min.) 100 g.) 

192 —- — <l 57 

172 0 164 <a 42 

126 — _ 10 56 

223 9 232 15 64 

151 6 157 15 29 

172-8 49-6 


Concentration of GSH, GSSG and total glutathione (glyoxalase method) in rat blood 


and tissues following intravenous injections of saline 


No. of Blood Liver Pancreas 
rats Constituent (mg./100 ml.) (mg./100 g.) (mg./100 g.) 
5 GSH 21 252 51 
(18-23) (238-264) (42-63) 
2 GSSG 19 and 22 0 0 
2 Total glutathione 41 and 40 245 and 250 50 
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do not differ significantly from those obtained when 
using the glyoxalase procedure (Bhattacharya et al. 
1955). In contrast to the results obtained following 
the injection of alloxan, no consistent change 
occurs in the blood concentration of GSH or of total 
glutathione after the injection of DHA. The animals 
(nos. 1 and 4-6), which survived the injections of 
DHA, were not hyperglycaemic. 
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failed to reveal any significant rise in concentra- 
tion. Neither animal showed any diminution in the 
concentration of GSH. Six other animals were 
starved for 12-24 hr. before the injection of DHA, 
0-6 g./kg. of which was given in four equal 
amounts at 15min. intervals according to the 
technique of Princiotto (1951). The animals failed 
to develop hyperglycaemia for up to 5-9 days after 


Table 4. Concentration of GSH, GSSG and total glutathione in rabbit blood as determined by the method of 
Woodward & Fry (1932) before (control) and at intervals following intravenous injection of DHA 


D.D. = Desensitizing dose. 


GSH 
Rabbit Weight Time of blood (mg./ 
no. (kg.) withdrawal 100 ml.) 

1 2-1 Control 50 
15 min. 47 

40 min. 49 

70 min. 43 

100 min. 48 

24 hr. 39 

72 hr. 34 

2 1-8 Control 55 
15 min. 58 

45 min. 58 

75 min. 58 

3 1-5 Control 50 
10 min. 45 

4 1-8 Control 43 
15 min. 45 

D 1-8 Control 46 
15 min. 48 

6 2-5 Control 47 
15 min. after 64 

3rd inj. 
7 2-3 Control 40 
15 min. after 34 
3rd inj. 

8 2-4 Control 33 
15 min. 33 

45 min. 33 

75 min. 29 

72 hr. 31 


These experiments were repeated using the 
specific glyoxalase method for the determination of 
glutathione, and the results of these are shown in 
Table 5. It is clear from this that in seven rabbits 
(nos. 1-7) there was no significant fall in the con- 
centration of GSH in the blood following the in- 
jection of DHA. The mortality in rabbits subjected 
to these doses of DHA is high and this prevented 
observations upon the blood sugars in all but two 
animals (nos. 5 and 6) in which there was no 
significant deviation from the normal range. Two 
rabbits (nos. 8 and 9) were given daily intravenous 
injections of 500 mg. DHA for 6 consecutive days. 
Blood sugar determinations during the days of the 
injections and for 5 days following the injections 


F.D. = Final dose. 


Total 
GSSG glutathione 
(mg./ (mg./ 
100 ml.) 100 ml.) Treatment given 
5 55> 
7 54 
a 58 p.p. 500 mg. DHA, 
8 56 F.D. 1-0 g. DHA 
7 46 
6 40 
6 61) 
7 65 | D.D. 200 mg. DHA, 
7 aI F.D. 800 mg. DHA 
7 65, 
4 54) p.p. 500 mg. DHA, 
9 54) F.D. 1-0 g. DHA 
+ 47 p.D. 500 mg. DHA, 
10 55 F.D. 500-800-500 mg. DHA 
+ ai p.p. 300 mg. DHA, 
7 55 F.D. 300-600—-700-500 mg. DHA | 
14 61 } p.D. 500 mg. DHA. 
23 87+ Received 2 g. of DHA over 
) 3 days 
7 47 Received 20 ml. of ether- 
¢ ss| extracted quinol solution 
over 3 days 
5 38 
5 38 | iceiteielh ditt tteail 
4 37 | eceived single injection 
8 37| of 20 ml. 0-9% NaCl 
5 36 


the last injection. When a further injection of DHA 
was given, in the manner described above, no 
significant alteration in blood sugar concentration 
was found in any animal, and the concentration of 
GSH in three of them (nos. 10-12, Table 5) was 
unaltered. 


Effect of dehydroascorbic acid upon the blood and 
tissue concentration of glutathione in rats 


Since diabetes or hyperglycaemia could not be 
produced in rabbits with DHA, it was decided to 
investigate the effects of this compound in rats 
which were shown by Patterson (1950) and 
Patterson & Lazarow (1950) to be susceptible to 
the diabetogenic effect of DHA. 
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Table 5. Concentration of GSH, GSSG and total GSH in rabbit blood as determined by the glyoxalase 
method before and at intervals following the intravenous injection of DHA 


p.D. = Desensitizing dose. 


GSH GSSG 
Rabbit Weight Time of blood (mg./ (mg./ 
no. (g.) withdrawal 100 ml.) 100 ml.) 

1 1-8 Control 24 5 
15 min. 25 4 
45 min. 25 6 
2 1-85 Control 22 8 
15 min. 24 6 
45 min. 23 8 
3 1-75 Control 34 8 
5 min. 39 0 
60 min. 42 0 
4 1-8 Control 26 12 
<1 min. 25 13 
30 min. 27 10 
5 1-5 Control 39 7 
<1 min. 41 3 
15 min. 39 5 
6 2-8 Control 42 17 
15 min. 48 18 
7 2-1 Control 17 11 
<1 min. 19 7 
20 min. 17 10 
Before 3rd inj. 30 14 
<1 min. after 29 15 

3rd inj. 
30 min. after 36 6 

3rd inj. 
8 2-0 Control 23 6 
24 hr. after 29 " 

last inj. 
9 2-8 Control 26 ll 
24 hr. after 27 ll 

last inj. 
10 1-6 Control 35 13 
4 days after 34 12 

2nd inj. 
1] 1-8 Control 43 ll 
4 days after 34 14 

2nd inj. 
12 2-7 Control 55 19 
2 hr. after inj. 62 19 


Tables 6 and 7 give the results obtained in these 
experiments. Following a desensitizing dose of 
0-3 ml. (100 mg./ml.) DHA solution/100 g. body 
weight the rats were given 0-7—0-8 ml. of the same 
solution/100 g. body weight daily for 3 consecutive 
days. Control animals were given the same amount 
and number of injections of ether-extracted quinol 
solution, both groups being fasted for 12 hr. before 
the first injection. From 4 to 10 days after the last 
injection the animals were killed and blood and 
tissues taken for analyses. All the rats given DHA 


F.D. = Final dose. 


Total Packed 
glutathione red blood 


(mg./ cell volume 
100 ml.) (% Treatment 
2 at 
a a p.D. 200 mg. DHA, 
31 naa F.D. 1-5 g. DHA 
= oa p.p. 300 mg. DHA, 
31 cdl F.D. 1-5 g. DHA 
» ae 
= a p.D. 400 mg. DHA, 
41 an F.D. 1-5 g. DHA 
= . p.D. 400 mg. DHA, 
37 43) F.D. 13g. DHA 
= 4 p.D. 400 mg. DHA, 
44 42) F.D. 800 mg. DHA 
59 44) p.p. 500 mg. DHA, 
66 46 J F.D. 500-800 mg. DHA 
28 40 
26 42 
27 40 p.D. 400 mg. DHA, 
At 40 | F.D. 1-2 g. DHA. 
44 40 Received 1-8 g. of DHA over 
2 days 
42 38 
29 38 p.p. 200 mg. DHA. 
36 36 Received 500 mg. DHA daily 
J for 6 days 
37 45) v.p. 200 mg. DHA. 
38 40 | Received 500 mg. DHA daily 
) for 6 days 
48 40 (a) After 12 hr. fasting received 
0-6 g./kg. of DHA in 4 equal 
amounts at 15 min. intervals 
46 38 | (6) The same treatment was 
repeated 5 days later after 
j 24 hr. fasting 
= . | (a) The same as above 
= ) (b) The same as above 
74 42) After 24 hr. fasting received 
81 45}; 0-6 g./kg. DHA in 4 equal 


) amounts at 15 min. intervals 


became diabetic, and, as Table 6 shows, their 


fasting blood sugar concentrations ranged from 
235 to 500 mg./100 ml. The control animals did not 
show any change in blood sugar. The mean concen- 
tration of blood GSH in the DHA-injected group 
was not significantly different from the control. 
Furthermore, analysis of liver and pancreas failed 
to show any appreciable difference in the GSH 
concentration in the control and diabetic group. 
The GSSG in the blood of diabetic rats was not 
increased and GSSG did not appear in the tissues. 
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Table 6. Concentration of GSH and GSSG determined with the glyoxalase method in blood and tissues of 
rats 4-10 days after the last of three daily injections of ether-extracted quinol solution (controls) and 
of DHA, a desensitizing dose of the latter being also given 


For details of dosage see text. 


DHA-diabetic rats 





Control rats 

















———-— - - Blood 
Blood r A> $$____—— 
+A. Blood sugar 
GSH GSSG after injection GSH GSSG 
Rat no. (mg./100 ml.)  (mg./100 ml.) Rat no. (mg./100 ml.)  (mg./100 ml.) = (mg./100 ml.) 
11 18 26 17 333 21 25 
2 - 18 24 18 336 19 16 
13 21 2% 19 461 26 16 
14 23 22 23 436 24 15 
15 24 24 27 500 23 17 
16 20 18 28 235 18 20 
17 18 20 
18 15 21 
19 19 25 
20 18 20 
Mean 19-4 22: Mean 21-8 18-1 
Liver Liver 
(mg./100 g.) (mg./100 g.) (mg./100 ml.) (mg./100 g.) (mg./100 g.) 
] 136 — 3 378 180 0 
2 193 0 4 416 215 0 
3 232 6 392 165 1 
4 242 a 423 218 0 
5 148 8 423 237 35 
6 230 0 9 392 188 2 
7 225 - 1: 428 205 ~ 
8 201 — 16 427 242 -- 
9 175 7 
10 199 
Mean 198-1 Mean 206-2 
Pancreas Pancreas 
(mg./160 g.) (mg./100 g.) (mg./100 ml.) (mg./100 g.) (mg./100 g.) 
3 48 0 4 416 74 0 
+ 56 0 8 423 85 0 
7 58 0 9 392 53 0 
8 63 — 12 349 49 0 
Mean 56-2 Mean 65-2 


In view of the rapidity of the changes in the 
concentration of GSH following alloxan injection, 
observations were made in blood and tissues 10— 
17 min. following the last injection of DHA given 
on the third day, the previous daily injections, 
including the desensitizing dose, being given as 
previously described. The results of these experi- 
ments are shown with the appropriate controls in 
Table 7. As before, there is no significant alteration 
in the blood concentration of GSH or GSSG. In 
the liver, however, the figures indicate an average 
GSH of 60-3 mg./100g. without 
appearance of any GSSG. This difference is 
statistically significant (P<0-01). This reduction 
in liver GSH is in contrast with the findings re- 
ported in Table 6; in these experiments, however, 
the liver samples were obtained 4-10 days after the 


reduction in 


» 


last injection of DHA. GSH in 
pancreas show that there has been an average 
increase in GSH concentration of 16-2 mg./100 g. 


Analyses of 


tissue. 


Immediate effect of the injection of alloxan or de- 
hydroascorbic acid upon the concentration of 
glutathione in the liver of rats 


In the above experiments estimations of gluta- 
thione in the liver were performed after three daily 
injections of DHA. In view of the rapidity and the 
temporary nature of the alterations in blood 
glutathione concentration following alloxan in- 
jection it was thought desirable to repeat the 
analysis of liver glutathione immediately following 
the first main injection of DHA. The following 
performed. Under 
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experiments were therefore 
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nembutal anaesthesia a suitable amount (one small 
lobe, approx. 0-5-0-9 g.) of liver of the rat was 
removed for glutathione analysis, bleeding being 
controlled by mosquito haemostats and cotton 
wool. The animals were then given an intravenous 
injection of (a) 25mg. DHA/100 g. body weight 


Table 7. 


Concentrations of sugar, and GSH and GSSG@ obtained with the glyoxalase method, in blood and 
tissues of rats, 10-17 min. following the last injection of three daily injections of ether-extracted quinol 


tissue was taken for analyses. 


solution (controls) and of DHA, a desensitizing dose of the latter being given 


Rat 


no. 100 ml.) 


“1D St we 


Mean 


Mean 


Table 8. 


Rat wt. 
(g-) 
250 
125 
205 
220 


240 


310 
170 
200 
230 


250 
145 
180 
190 
190 
200 


205 





(mg. 


124 
108 
101 
117 
113 


402 
363 
214 
328 
230 


122 


Concentration of liver GSH, as determined by the glyoxalase method before and 15-30 min. after 
intravenous injection of alloxan, DHA and ether-extracted quinol solution in saline 


Blood sugar 
before 3rd 
injection 


/ 


For details of dosage see text. 








Blood Liver 

A — ———— _ ———————— 
Blood sugar 
before 3rd 
GSH GSSG injection GSH 
(mg./ (mg./ Rat (mg./ (mg./ 
100 ml.) 100 ml.) no. 100 ml.) 100 g.) 
Control rats 
16 24 1 124 221 
16 20 2 114 220 
16 22 3 108 205 
15 21 4 101 241 
17 20 5 117 202 
19 20 6 113 209 
16-5 21-1 -- — 216-3 
DHA-injected rats 

19 23 1 402 231 
17 21 2 — 148 
19 17 7 363 132 
14 17 8 214 138 
16 20 9 328 119 
19 19 10 230 168 
17-3 19-5 — - 156-0 


Solution 
given Total dose 


DHA 165 mg./100 g. 
80 mg./100 g. 
85 mg./100 g. 
100 mg./100 g. 
100 mg./100 g. 


Alloxan 20 mg./100 g. 
20 mg./100 g. 
20 mg./100 g. 
20 mg./100 g. 


Saline 4-0 ml. 
4-0 ml. 
0-5 ml. 
0-5 ml. 
0-5 ml. 
0-5 ml. 
0-5 ml. 


GSH before 
injection 
(mg./100 g.) 


295 
341 
229 
271 
243 


0 1 
3 
3 
0 4 
. 5 
6 
0 1 
4 2 
0 7 
0 8 
9 
10 
ll 


GSH after 


injection A 
(mg./100 g.) (mg./100 
200 — 95 
290 -51 
190 -39 
159 -112 
151 —92 
Mean -77- 
94 — 228 
149 — 105 
68 — 184 
74 — 128 
Mean — 161-2 
337 +8 
214 0 
270 —14 
161 - 29 
226 +5 
259 -7 
228 +12 


Mean ~ 3-é 
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Pancreas 





Blood sugar 
before 3rd 
GSSG injection 
(mg./ Rat (mg./ 
100 g.) no. 100 mal.) 


124 
114 
108 
101 
117 
113 


402 


363 
214 
328 
230 
122 


g-) 
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as a desensitizing dose followed by 55-140 mg. 
DHA/100 g. 15 min. later, or (b) ether-extracted 
quinol solution in 0-9 % NaCl solution or (c) 20 thg. 
alloxan/100 g. body weight. 
conclusion of injection another sample of liver 


GSH 
(mg./ 
100 g.) 


54 
63 
60 
62 
60 
54 
58°8 


97 
53 
103 
70 
68 
61 
73 


75-0 


Time after 
injection 
(min.) 
30 
30 
30 
30 
30 


15 
15 
30 
30 


30 
30 
15 
30 
30 
30 
30 


15-30 min. after the 


—_— 
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The results of these experiments are shown in 
Table 8. The animals given DHA or alloxan in- 
variably show a considerable fall in the concentra- 
tion of GSH after the injection. The decrease is 
less marked in the DHA-injected animals (average 
77-8 mg./100 g. tissue) as compared with the 
decrease (av. 161-2 mg./100 g. tissue) in those given 
alloxan. No significant decrease in the GSH con- 
centration follows the administration of ether- 
extracted quinol solution. In two animals given 
alloxan and in two animals injected with DHA, 
total glutathione determined after electrolytic 
reduction of the tissue extract shows that the 
decrease in GSH is not due mainly to simple 
oxidation (Table 9). Only a small proportion of the 
amount of GSH which disappeared from the liver 
is recoverable by this procedure. 
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reduction suggest that the fall in blood glutathione 
is not solely or even largely due to oxidation of 
GSH to GSSG, since this procedure does not result 
in regeneration of the original glutathione concen- 
tration. Although the present data offer no direct 
evidence in support of the view that a complex of 
alloxan and GSH is formed in vivo following the 
injection of alloxan, the results we have obtained 
are consistent with that view. 

The experiments on rats involving the injection 
of DHA confirm that this compound is diabeto- 
genic in this species. Like Banerjee, Belavady & 
Mukherjee (1953) we have been unable to render 
rabbits diabetic with intravenous injections of 
DHA. This negative result has occurred even when 
the injection technique of Princiotto (1951) is used 
and, in addition, we have employed repeated 


Table 9. Concentration of GSH, GSSG and total glutathione, as determined by the glyoxalase method, 


in rat liver before and 30 min. after injection of DHA and alloxan 


The rats were given 20 mg. of alloxan/100 g. body wt. or 100 mg. of DHA/100 g. body wt. 


Before injection 
A 





——- ee ~ se 
Total 
GSH GSSG glutathione 
Rat no. (mg./100 g.) (mg./100 g.) (mg./100 g.) 
1 271 5 276 
2 288 6 294 
51 0 243 
2 271 0 271 
DISCUSSION 


The above results confirm the observation that 
following the intravenous injection of diabetogenic 
amounts of alloxan into rabbits and rats there is a 
rapid and quickly reversed decrease in the concen- 
tration of GSH in the blood (Leech & Bailey, 1945; 
Bruckmann & Wertheimer, 1947). The high 
specificity of the method we have employed for 
glutathione determination strengthens the con- 
clusion, and the extension of the analyses to the 
tissues of rats demonstrates that this decrease in 
concentration occurs also in the liver. 

The cause of the fall in the blood and hepatic 
concentration of glutathione following alloxan in- 
jection remains uncertain. The affinity of alloxan 
for sulphydryl compounds has been emphasized by 
Lazarow et al. (1948) and Patterson et al. (1949). 
They showed in vitro that an alloxan—GSH complex 
possessing a peak ultraviolet absorption at 305 muy. 
rapidly forms when the two compounds are mixed 
together in aqueous solution at physiological pH. 
We have confirmed this observation. The figures 
obtained for total blood GSH after electrolytic 


After injection (1) of alloxan 





Total 





GSH GSSG glutathione 
(mg./100 g.) (mg./100 g.) (mg./100 g.) 
62 27 89 
87 24 112 
(2) of DHA 
108 15 123 
119 13 132 


injections of DHA without success. We can offer 
no explanation to account for the difference 
between Princiotto’s results and those obtained by 
Banerjee et al. and by ourselves. 

The failure to produce diabetes in 
accompanied the finding that no significant altera- 
tion in blood glutathione occurred following the 
injections. In this respect it is surprising that 
Banerjee et al. observed a fall in the concentration 
of GSH in rabbits following the injection of DHA, 
since they employed a method, i.e. iodometric 
titration (Woodward & Fry, 1932), with which high 
concentrations of ascorbic acid interfere. In the 
course of this work it has been found that the latter 
compound was present in the plasma in very high 
concentration for some time after the injection of 
DHA in the amounts used. 

The GSH concentration in the pancreas of rats 
immediately following the intravenous injection of 
diabetogenic doses of alloxan or DHA did not 
decrease. In the pancreas of rats made perma- 
nently hyperglycaemic with DHA the concentration 
of GSH remained almost unaltered. These findings 
are apparently contradictory to the sulphydryl 


rabbits 
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theory of Lazarow (1949, 1954); we agree, however, 
with Lazarow (1949) that very little information is 
given by the GSH analysis of the whole pancreas 
regarding the GSH content of the f-cells in the 
islets of Langerhans of the pancreas, because the 
B-cells constitute only a fraction (0-5%) of the 
total weight of the organ. 

The acute experiments in which estimations of 
liver glutathione were made following the injection 
of alloxan, DHA and ether-extracted quinol 
solutions suggest that the different response to 
alloxan and DHA injections is quantitative rather 
than qualitative. In these experiments, and in 
spite of there being no alteration in blood gluta- 
thione concentration, the liver concentration of 
glutathione fell significantly in animals given in- 
jections of DHA, although the changes were smaller 
than those which followed injections of alloxan. 
Nevertheless, the implication of the results is that 
both diabetogenic agents are associated with a fall 
in the body content of glutathione. 

There is no evidence that GSH is converted into 
GSSG in significant quantities, and what happens 
to the GSH which disappears from the liver after 
DHA injection is still unknown. This is surprising 
in view of the fact that part of the injected DHA is 
reduced to ascorbic acid—a process believed to 
involve GSH as a hydrogen donor (Borsook, 
Davenport, Jeffreys & Warner, 1937; Schultze, 
Stotz & King, 1938; Thomson, unpublished). The 
in vitro experiments of Drake, Smythe & King 
(1942) involving polaroscopic analysis, provide 
evidence that at pH 2-3-5 there is a reaction 
between DHA and GSH. We have repeated and 
confirmed these observations, but their physio- 
logical relevance is open to question since it is not 
possible to demonstrate the reaction at a physio- 
logical pH. In aqueous solution at pH 7-4 and in 
the presence of GSH, DHA rapidly becomes con- 
verted into dioxogulonie acid. The fact, however, 
that electrolytic reduction of the liver extracts 
after injection of DHA does not result in regenera- 
tion of GSH is evidence that the diminution in the 
hepatic concentration is not solely or even largely 
due to simple oxidation. 


SUMMARY 


1. After the intravenous injection of diabeto- 
genic amounts of alloxan, the concentrations of 
glutathione (GSH) and total glutathione (GSH + 
oxidized glutathione) are greatly decreased in the 
blood of rabbits and rats. 

2. Following the intravenous injection of dia- 
betogenic doses of alloxan into rats, the GSH con- 
centration in the liver shows a precipitous fall, but 
that of the pancreas remains practically unchanged. 
Oxidized glutathione, which is not present in the 
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liver of normal rats, does not appear in this tissue 
in significant amounts after such injection. 

3. We have failed to produce hyperglycaemia in 
rabbits given large doses of dehydroascorbic acid 
by intravenous injection. In contrast, hyper- 
glycaemia has been regularly produced in rats given 
dehydroascorbic acid by intravenous injection. 

4. When dehydroascorbic acid is injected intra- 
venously into rabbits, the concentration of GSH, 
oxidized glutathione and total glutathione in the 
blood does not change significantly. 


5. In rats made permanently hyperglycaemic | 


with dehydroascorbie acid the concentration of 
GSH in the blood, liver and pancreas is not altered; 
the content of oxidized glutathione of the blood 
remains the same and it does not appear in 
significant amounts in liver and pancreas. 

6. Immediately following the intravenous in- 
jection of diabetogenic amounts of dehydro- 
ascorbic acid to rats the blood concentration of 
GSH and oxidized glutathione was unaltered, but 
the concentration of GSH and total glutathione in 
the liver was markedly decreased without the 
appearance of oxidized glutathione. The GSH 
content of the pancreas showed no diminution. 

7. The results indicate that the reduction in the 
concentrations of GSH in the blood and liver of 
rats and in the blood of rabbits after alloxan in- 
jection and of GSH in the liver of rats after the 
injection of dehydroascorbic acid is not solely or 
even largely due to oxidation of reduced to oxidi- 
dized glutathione. 


One of us (S.K.B.) wishes to thank the University of 
Edinburgh for granting a Post-Graduate Fellowship which 
made possible his participation in this work. 
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Potentiometric and Other Studies on Preparations of Cytochrome c 
from Ox- and Horse-Heart Muscle 
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Cytochrome c obtained from ox- and horse-heart 
muscle by the well-known procedure of Keilin & 
Hartree (1945) has an iron content of about 0-34 % 
(w/w) and a fairly well-defined Ej value, constant 
over a range of pH values. Treatment of this 
material by means of chromatography on a resin 
column (Paléus & Neilands, 1950; Neilands, 1952; 
Margoliash, 1954a,b) appears to provide cyto- 
chrome c¢ of a purity not yet attained by other 
methods [0:43-0:46 % (w/w) Fe]. In the course of 
a study of oxidation—reduction potentials of various 
metallo-porphyrin systems by potentiometric titra- 
tion, it seemed of interest to compare the Ey value 
of this highly purified cytochrome c with that of the 
‘0-34 %’ iron preparation. 

While we were preparing the cytochrome, our 
attention was drawn to the need for closer investi- 
gation of the methods of dialysis, by the observa- 
tion that a non-cytochrome, haem-protein pre- 
cipitate, present in copious amounts after dialysis of 
ox-heart preparations against sodium chloride, 
was not found after dialysis against ammonium 
hydroxide. 

This observation, which does not seem to have 
been reported previously, seemed to be of im- 
portance, as it was obvious that the impurity was 
incorporated into cytochrome preparations when 
using ammonium hydroxide; this procedure is now 
common for preventing loss of cytochrome through 
the dialysis sac, and has been accepted as a 
standard alternative to the procedure of Keilin & 
Hartree (1952). 


Details are given of the potentiometric titration 
apparatus. These include the nitrogen purification 
system which is designed to take into account the 
often-neglected finding of Keilin & Hartree (1943) 
that oxides of nitrogen may be generated by 
passage of nitrogen over heated copper. Other 
trace gases which intérfere with many metallo- 
porphyrin systems are also eliminated in the 
purification system used. 


MATERIALS AND METHODS 


Cytochrome c preparations 


/ 


Samples with a ‘0-34 % iron content’ 

Fresh ox or horse hearts were treated usually in 2-3 kg. 
batches according to the method of Keilin & Hartree 
(1945). The preparations were then dialysed against either 
0-5 % (w/v) NaCl or 0-01N-NH,OH. In two cases, prepara- 
tions (c) and (d), the material was divided after the final 
washing with saturated (NH,).SO,; one half of each was 
dialysed against 0-5% (w/v) NaCl and the other against 
0-01N-NH,OH. All dialyses were carried out in Visking 
seamless cellulose tubing at 4° until sulphate-free. 

The dark, non-cytochrome precipitate (P) left after 
NaCl dialysis was removed by centrifugation and the 
supernatant filtered to provide ‘NaCl’-cytochrome c. The 
precipitate (P) was washed free of cytochrome ¢ with 
0-5 % (w/v) NaCl. The small amount of residue obtained in 
the case of NH,OH dialysis was removed by filtration and 
discarded. The filtrate provided ‘NH,OH’-cytochrome c. 

For testing the effect of various conditions of dialysis, one 
preparation was divided at the pre-dialysis stage into six 
portions which were then dialysed respectively against 


22 
distilled water, 0-5, 1, and 2% (w/v) NaCl, 1% (w/v) 
ammonium acetate, 0-01N-NH,OH; each was dialysed for 
four days with four changes of the particular dialysis 
liquid. The precipitates (P) were collected by centrifuga- 
tion in graduated tubes and the volumes were compared. 


Samples with a ‘high iron content’ 


Ox heart. Cytochrome c obtained from a 5 kg. batch of 
ox-heart mince was dialysed against 0-01N-NH,OH, 
filtered and freeze-dried; 0-5 g. of this ‘NH,OH’-cyto- 
chrome, preparation (a) (Table 1), which contained 0:33 % 
iron was dissolved in the minimal amount of 0-1 mM potassium 
phosphate buffer pH 7-0 and placed on a column of 
Amberlite IRC-50, prepared according to Neilands (1952). 
Elution of the non-cytochrome fraction (NV) with the above 
buffer and of the cytochrome ¢ with saturated ammonium 
acetate was carried out following the method of Neilands. 
No attempt was made to collect separately the reduced and 
oxidized cytochrome. A pink band, similar in colour to 
cytochrome c, remained about 2-3 cm. from the top of the 
column, together with a narrow brown band at the top. 
Elution with 0-5N-NH,OH removed only part of the pink 
band; the brown band was moved only very slowly. Very 
little of the remaining material was eluted with 5% (v/v) 
0-880 sp.gr. NH,OH. Finally, 5% (w/v) KOH effected 
removal of both these fractions. The cytochrome c was 
dialysed against five changes of 0-01N-NH,OH. In view of 
the findings of Margoliash (19544, b), which were published 
at this time, it was decided to take the added precaution of 
removing any modified cytochrome c that might have been 
present. The dialysed material was placed on a column of 
the ammonium salt of Amberlite IRC-50 and eluted with 
0-25mM ammonium acetate adjusted to pH 9-6 with NH,OH. 
This treatment yielded two fractions only, a small fast- 
running cytochrome c band which was probably the same as 
fraction I of Margoliash; the second large fraction moved as 
one band with the front mostly reduced and the tail mostly 
oxidized. This second fraction, ‘resin’-cytochrome, pre- 
paration (a) (Table 1), dialysed against 0-01N-NH,OH, 
contained 0-44% (w/w) iron. 

As a final check to ensure that no modified cytochrome c 
remained, a portion of the second fraction was placed on 
a column of the ammonium salt of Amberlite IRC-50 at 
pH 7-0. It was eluted cleanly in one slow-moving band by 
means of 0-25M ammonium acetate at pH 7-0. 

Horse heart. Cytochrome c from 6kg. of horse-heart 
mince after NaCl dialysis and removal of non-cytochrome 
precipitate (P) was freeze-dried and the major part treated 
by the two-column resin procedure of Margoliash, to yield, 
after dialysis, preparation (e), having an iron content of 
0-43°%, which was used for E, value determinations. A 
small portion was treated by the method of Neilands in 
order to compare qualitatively the respective amounts of 
the non-cytochrome fraction (N) obtained. 

All the above cytochrome preparations, and the non- 
cytochrome fractions isolated in the course of purification, 
were stored at — 15°. 


Iron analysis 


The method of Drabkin (1941) was used with slight 
modification. Several samples of A.R. ‘pure’ iron 
wire were found unsatisfactory as standards. Molecular 
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extinction values were found to be too low and the colour 
fading was significant. A grade of iron rod as supplied for 
spectrographic standardization (Johnson and Matthey, 
London) proved entirely satisfactory; the colours were still 
stable after 3 months at room temperature and the 
extinction coefficients agreed with the values of Drabkin to 
+0:1%. Optical densities were read at 510 my. 

No trouble was encountered in colour development with 
the ‘resin’-cytochrome or the ‘ NaCl’-cytochrome. With the 
less pure ‘NH,OH’-cytochrome samples, however, trouble- 
some frothing occurred, particularly during the first heating 
and there was always a slight turbidity in the final solution. 
These difficulties were more noticeable still when dealing 
with the non-cytochrome impurities, precipitate (P) and 
fraction (NV). As a control check, known amounts of iron 
were added to each of the samples; where the above 
difficulties were encountered, recoveries of only 90-96% 
were obtained, whilst the ‘NaCl’- and ‘resin’-cytochromes 
gave 100% iron recoveries. Corrections were made on the 
basis of these iron recoveries to the iron content values 
obtained. Comparisons with the above method were made 
using the iron oxide residues remaining after ignition at 
550° for the dry weight estimations (Keilin & Hartree, 
1945). Difficulty was experienced, however, in completely 
dissolving the iron oxide off the walls of the platinum 
crucible with hot n-HCl, and low results were obtained. 


Nitrogen purification 


Nitrogen as supplied by British Oxygen Co. Ltd., already 
de-oxygenated by passage over heated Cu at some un- 
specified temperature, was quoted as containing not more 
than 0-002 % (v/v) O,. Further purification was carried out 
in the following system: 

(a) Traces of CO were first removed by passage through 
a column packed with K,Pd(SO,). on granulated silica 
gel. 

(b) Oxides of N, were effectively removed by means 
of granular activated charcoal (Keilin & Hartree, 
1943). 

(c) At this stage any further traces of O,, CO, CO,, SO, 
and possibly unsaturated hydrocarbons coming through 
from preceding stages were removed with an ammoniacal 
soln. of CuCl. 

(d) Although the NH, vapour pressure at stage C was 
very low, complete elimination was ensured by passage 
through two wash bottles fitted with sintered glass disks and 
filled with N- and 0-1N-H,SO,, followed by drying over 
granulated silica gel, and then over CuS0O,-activated 
charcoal. 

(e) The purified gas was stored over 0-1N-H,SO, in a 
bottle of adequate dimensions (20 1.). 

Great care was found necessary to eliminate oxygen 
leakage into the system. Refrigeration-grade Cu tubing 
was used to connect the N, supply to the purification 
train and the purification train to the electrode vessel in 
order to provide flexible coiled couplings; all-glass con- 
nexions were used elsewhere. The cone and socket joints 
used for separating sections were sealed with good quality 
stopcock grease and were spring-loaded. The Cu tubing was 
silver-soldered to standard brass tapers sealed with 
Apiezon W100, and spring-loaded. Maintenance of a 


pressure of 10-15cm. Hg throughout the system also 
helped to prevent diffusion of O, into the system. 
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Titration vessel and magnetic stirrer 


In Fig. 1 the main features of the titration vessel and 
magnetic stirrer are indicated. The size of the vessel (V) 
was found very suitable for titrating 10 ml. samples but 
could be used for smaller or larger volumes. Two bright Pt 
electrodes were sealed through the vessel wall and con- 
nexion to the saturated KCl bridge (K) was made through 
a closed, ungreased ground-glass tap (7'). Purified N, was 
introduced into the electrode vessel by repeated evacuation 
and flushing. During titration a slow gas-flow was main- 
tained over the surface at about 7 cm. water pressure. 





an 
1 cm. 


I ig. l. Titration vessel and magnetic stirrer us ed for 
potentiometric measurements. 


The magnetic stirrer (Fig. 1) consisted of two small 
permanent Alnico magnets (M) wedged into thin brass 
cylinders (C). The inner cylinder was brazed to a 1-5 mm. 
diameter stainless steel shaft. A small stainless steel 
hemisphere (H) was used to support the weight on the base 
of the glass envelope (Z) with minimum friction. Stirring 
was effected by rotating the outer magnet concentrically 
around the inner one by means of a variable motor and 
pulley system. This arrangement enabled smooth operation 
even at very slow speeds and provided a complete seal 
against the atmosphere. The Perspex paddle (P), friction- 
fitted to the shaft, was readily interchangeable; this stirrer 
lends itself to use in electrode vessels of various sizes and 
shapes. 


Titrating agent, mediator and cytochrome samples 


A solution of the sodium salt of anthraquinone-2-sulpho- 
nic acid (British Drug Houses Laboratory Reagent) was 
used at concentrations to give a titre of about 0-5 ml. with 
10 ml. of 10-*m cytochrome c. The anthraquinone solution 
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was reduced with H, and platinized asbestos (British Drug 
Houses Ltd.), then washed free of H, with purified N,, 
filtered and stored under N,. The reduction apparatus, 
containing a sintered glass filter, storage vessel and micro- 
burette, was all-glass and was interconnected with ground- 
glass joints, spring-loaded, so that transference of the 
solution from one section to the other under pressure of 
purified N, could be made as required. 

The mediator, 2:6-dichlorophenolindophenol (British 
Drug Houses, indicator), was used in all titrations at a 
final concentration of 2 x 10-6 m. The cytochrome c-mediator 
solutions were buffered in each case to a final concen. of 
3-3 x 10-*m potassium phosphate at pH 6-4. The mediator 
at this pH level was found to give E,}=0-273v; at the 
relative concentrations used, calculation shows that the 
presence of the mediator would increase the values for 
cytochrome c by less than 0-2 mv. 

The above cytochrome solutions were always checked 
just prior to the commencement of electrometric titration; 
where necessary, adjustment to full oxidation was made by 
cautious addition of 0-01mM-K,Fe(CN),, the end-point 
being judged by direct-vision spectroscopy. All experiments 
were carried out at 25° (+0-1°) in a thermostatically con- 
trolled room. Complete titration curves were obtained in 
all but the one case of ox-heart ‘NH,OH’-cytochrome and 
E, values were assessed by graphical and mathematical 
analysis, including the rectification method of Reed & 
Berkson (1929). 

Electrometer 

The use of a 384-type radio receiving valve in place of a 
special electrometer valve, as suggested by Hay (1951), was 
found to be quite satisfactory when incorporated into a 
modified DuBridge-Brown (1933) circuit. The above unit 
was used in conjunction with a vernier potentiometer 
(Cambridge Instrument Co. Ltd., London) and a short- 
period galvanometer having a deflexion of 430mm. at 
1 m. for lpa. 


Calomel reference electrode 


Saturated KCl calomel electrodes were made using a 
variety of methods including that of Hills & Ives (1951); 
agreement within less than 1 mv was obtained. The 
electrodes were frequently checked against one another and 
also against standard buffer solutions using a quinhydrone 
electrode. The standard value of 0-2443v at 25° recom- 
mended by Dole (1941) was used. 


Absorption spectrophotometry 


Samples were measured in both the oxidized and reduced 
states in a Beckman spectrophotometer Model DU over the 
range of wavelengths of 620 to 480my. Preliminary 
measurements were made on each preparation to ensure 
that optical density readings did not exceed 0-6 when the 
cytochrome solutions were made-up to a final phosphate 
buffer concentration of 0-067mM at pH 7-4. The complete 
oxidation of samples was ensured by the addition of a slight 
excess of K,Fe(CN),; at the concentrations used this 
reagent has no significant absorption over the above range 
of wavelengths. Oxidation was avoided for reduced 
samples by sealing the optical cells, which had been 
completely filled with cytochrome solution, after addition 
of a slight excess of solid Na,S,0,. Measurements at 
different wavelengths were made on reduced preparations 
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only when the absorption at 550 my. became constant, 
usually after 10-15 min. For the comparison between 
cytochrome samples in the reduced condition in the 
presence of pyridine, absorption measurements were made 
at final concentrations of 20% (v/v) pyridine and 0-1N- 
NaOH. 

In order to permit direct comparison of curves, irre- 
spective of actual cytochrome concentrations, the logarith- 
mic function of optical density is plotted against wave- 
length (Figs. 2, 3). For convenience in comparing the a- 
bands of Fig. 3 the characteristic curves have been brought 
close together. 


RESULTS 
Non-cytochrome precipitate (P) 


It was found by dry-weight estimations of the salt- 
free products obtained by dialysis of the ox-heart 
cytochrome extract against 0-5% (w/v) sodium 
chloride, that the soluble partially pure ‘NaCl’- 
cytochrome was present to the extent of only five 
times the amount of the precipitate P. In the 
course of many preparations it was consistently 
found that ox-heart material gave far greater 
quantities of precipitate P than horse heart; 
quantitative estimation on the latter material 
showed the ‘ NaCl’-cytochrome to be present to the 
extent of forty times that of the non-cytochrome 
residue. 


Table 1. 
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showed a faint diffuse band at 640 my. Reduction 
with Na,S,O, produced a haemochromogen spec- 
trum with a diffuse «-band at 558 my. and a barely 
perceptible B-band at 525my. The addition of 
20% aqueous pyridine to the alkaline solution of 
the residue, followed by reduction, produced an 
intense typical pyridine haemochromogen spectrum 
with bands at 558 and 525 muy. It is interesting to 
note that precipitate P after solution in 0-01N 
ammonium hydroxide and dialysis against the same 
solvent did not show any appreciable loss of haem 
pigment over a period of seven days at 4°. 


Effect of varying conditions of dialysis 


In the case of ox-heart preparations the large 
amount of precipitate P led us to examine the 
effect of changing the conditions of dialysis; as 
shown in Table 2, precipitation decreases with 
increase of salt concentration. Although the 
greatest amount of precipitate was obtained against 
distilled water, it was found that after the third 
day, when the concentration of ammonium sulphate 
became low, the cytochrome began to pass through 
the sac. Mention has already been made that very 
little precipitation occurred against ammonium 
hydroxide; it was of particular interest to find that 
re-dialysis of such preparations against 0-5 % (w/v) 


Iron contents (%) of cytochrome ec preparations and of impurities separated from them 


The small letters in parentheses following the iron values denote products obtained from the same batch at the 


pre-dialysis stage of preparation. 


Fraction (NV) 





Source NaCl-dialysed NH,OH-dialysed Resin-purified Precipitate (P) 
Ox heart 0-30 (b) 0-33 (a) 0-44 (a) 1-09 (b) 0-19 (a) 
0-28 (c) 0-30 (c) a 0-54 (c) — 
Horse heart 0-32 (d) 0-33 (d) 0-43 (e) 0-89 (d) 
Table 2. Variation in amount of precipitate with altered conditions of dialysis 
NaCl 1% 
A ammonium 0-01 N- 
Dialysis fluid Water 0-5 % 10% 2% acetate NH,OH 
Amount of residue (precipitate P) Patt +++ +++ + + + > 
Final pH 4-4 5:3 5-4 5:3 6-6 10-8 


Precipitate P was obviously not homogeneous 
and consisted of at least two different coloured 
components; although protein and haem were 
definitely identified, no free porphyrin was detected 
by fluorescence tests both on the solid and in 
solution. The iron content varied considerably, as 
can be seen from the three examples (Table 1). 
Within the pH range 4-9, precipitate P was 


insoluble in water. In more alkaline solution 


(0-1N-KOH) a diffuse double band at 600 my. and 
another diffuse band at 545 my. were observed 
(Hartridge reversion spectroscope). A suspension 
of the residue in 0-5% (w/v) sodium chloride 


sodium chloride induced little further precipitation. 
This was in marked contrast to the direct dialysis 
against sodium chloride, where during the initial 
stages quite high concentrations of ammonium 
ions were present. 


Non-cytochrome fraction (N) 

The origin of this fraction from resin purification 
of ox-heart ‘NH,OH’-cytochrome is described 
above. As eluted from the column by 0-1M phos- 
phate buffer at pH 7-0, the fraction N possessed a 
mid-brown colour and showed absorption bands at 
640 mu. (strong, diffuse); 595 my. (faint, narrow); 
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550 my. (very faint, diffuse); after addition of 
potassium ferricyanide: 640 muy. (strong); 595 my. 
(very faint, broad). Reduction with Na,S,O, 
produced a broad, diffuse double band with more 
intense regions of absorption at 595 and 570 mu. 
merging into a strong band at 550 muy.; a very faint 
and narrow band was also found at 520muz. 
Reduction in the presence of a final 20% (v/v) 
concentration of pyridine gave a typical intense 
haemochromogen spectrum with bands at 558 and 
525 mu. The iron content was 0-19 % (Table 1). 

Ox-heart ‘NaCl’-cytochrome also gave during 
resin purification a haem-containing fraction N but 
in much smaller amounts. Paléus & Neilands 
(1950) obtained under similar conditions a non- 
cytochrome fraction with an iron content of 0-04% 
(w/w). No identification of the nature of the iron 
compound was reported by these workers. 

A small amount of fraction N was obtained from 
horse-heart ‘NH,OH’-cytochrome using the am- 
monium salt of IRC-50; slightly more could be 
separated by means of the potassium salt using the 
method of Neilands (1952). Again, addition of 
pyridine and Na,S,O, produced a definite band at 
558 my. and a faint band at about 525 my.; there 
was also a weak band at 550 mp. Fraction N was 
also obtained from horse-heart ‘ NaCl’-cytochrome, 
but in still smaller amounts. 


Oxidation—reduction potentials 


In order to check the apparatus and reagents to 
be used in the evaluation of the cytochrome 
samples, preliminary runs were made by titrating 
the mediator (2:6-dichlorophenolindophenol), at a 
concentration of 10-4m in 0-067M phosphate buffer 
at pH 6-40, with reduced anthraquinone-2-sul- 
phonate. Throughout the titrations stable poten- 
tials were rapidly obtained and the results fitted 
closely to the symmetrical curve of the standard 
electrode equation in which n=2 and Ej, =0-273v 
(25°). 


Table 3. Oxidation—reduction potentials of 
various samples of cytochrome ec 


E% values are quoted in v, at 25° and pH 6-4. 





Cytochrome NH,OH- NaCl- Resin- 
sample dialysed _— dialysed purified 
Ox heart 0-272 0-271 0-255 
Horse heart 0-269 0-268 0-255 


The resin-purified cytochrome c from both ox- 
and horse-heart preparations gave stable potentials 
within 5-10 min. and produced very good titration 
corresponded to the theoretical 


curves which 


> ‘ . 7 Ore 
electrode equation in which n=1 and E,=0-255v 
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(Table 3, Fig. 4). Both the ‘NaCl’ and ‘NH,OH’ 
horse-heart preparations showed a slight drift of 
potential beyond about 50% reduction, but 
symmetrical curves were obtained in close agree- 
ment with the assumption that n=1. Some drift 
of potential in the later stages of reduction also 
occurred with the ox-heart ‘NaCl’-cytochrome 
titrations, but again the end-point was definite and 
there was no difficulty in accurately assessing 
points of inflexion. In the case of ox-heart 
‘NH,OH’-cytochrome, however, the potentials 
drifted so seriously at about the 0-24v level that it 
was impossible to obtain a direct determination of 
the end-point. Up to this stage the potentials were 
stable and gave a smooth, n=1 type curve and a 
point of inflexion could be assessed. It is of interest 
that this ‘NH,OH’-dialysed ox-heart cytochrome, 
the most impure of the series, was the only specimen 
in which a light-coloured flocculent precipitate 
appeared during titration. As can be seen from 
Table 3, with all specimens other than the resin- 
treated products, Ej values consistently close to 
0:270v were obtained. 


Spectrophotometric results 


Over the range of wavelengths studied all 
samples showed, within the limits of experimental 
error, identical positions for band maxima and 
minima, viz., «-band, 550 my.; B-band, 520 my.; 
minimum, 535 my. The isosbestic points of the 
oxidized and reduced forms for each sample were, 
also found to be identical, viz., 557, 542, 526 and 
505 my. Absorption curves for the three grades of 
ox-heart cytochrome in the reduced condition are 
shown in Fig. 2; comparison of these curves reveals 
little difference in the region 560-500 my. Signi- 
ficant deviations do occur at longer wavelengths, 
and in general correspond closely with the level of 
purity of the sample. Very little difference, how- 
ever, was observed between all curves of the 
oxidized samples. Similar results not illustrated 
here were obtained for the horse-heart series. For 
later discussion various ratios of light absorption at 
different wavelengths are presented in Table 4. 

Addition of pyridine to the three grades of ox- 
heart cytochrome, under conditions suitable for 
haemochromogen formation, produced a consider- 
able broadening of the «-absorption band on its 
longer-wavelength slope only in the case of the 
*‘NH,OH’-cytochrome (Fig. 3); no peak or shoulder 
at 558 mu. was discernible in any of these spectro- 
photometric curves. 

In addition to the optical density ratios quoted 
in Table 4, the following values of the ratio 
E550 mys. (reduced)! 280 my, (oxidizes) WETE Measured for the 
resin-purified preparations: ox heart, 1-14; horse 
heart, 1-22. 
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Autoxidation 


Autoxidation was qualitatively tested by allow- 
ing cytochrome samples of 10-*m concentration 
and pH 6-4 to stand in air, with occasional shaking, 
after reduction with slight excess of reduced an- 
thraquinone-2-sulphonate. A striking effect of the 
presence of impurities was found with the ox-heart 
series, where the ‘NH,OH’-cytochrome became 
completely oxidized within 30 min., the ‘NaCl’- 
cytochrome took about 6 hr., whereas the ‘resin’- 
cytochrome of the same preparation was still 
largely reduced even after 24 hr. 

Similar results were obtained with the horse- 
heart series, except that the ‘NH,OH’-cytochrome 
was not oxidized as rapidly as the corresponding 
ox-heart cytochrome; it was nevertheless oxidized 
more rapidly than either of the ‘NaCl’-cyto- 
chromes. 

DISCUSSION 


The results show that an iron-containing impurity 
was associated with cytochrome c in the final pre- 
cipitation prior to dialysis in the method of pre- 
paration as described by Keilin & Hartree (1952). 
This impurity dissolves in varying degree according 
to the method of dialysis, and is included in the 
final cytochrome preparation. The amount of pre- 
cipitate P obtained under the different conditions 
of dialysis, as listed in Table 2, is an indication of 
the amount of this impurity included in such cyto- 
chrome samples. It appears that the effect of 
ammonium hydroxide was due more to the high 
pH value of 10-8 than to any specific effect of 
ammonium ions. At lower pH values incorporation 
of impurity was diminished, but increased ionic 
strength tended to reverse the effect. Precipitation 
was greatest with distilled water; sodium chloride, 
although not quite so effective, has the well-known 
advantage of preventing loss of cytochrome by 
adsorption by and passage through the Visking 
tubing. There appears to be no objection to dialysis 
against ammonium hydroxide after removal of the 
non-cytochrome precipitate P, e.g. if sodium 
chloride is to be removed prior to freeze-drying. 
The impurity, isolated after sodium chloride 
dialysis as non-cytochrome precipitate P and also 
from the resin column as non-cytochrome fraction 
N, consisted of protohaem together with protein. 
Both horse- and ox-heart preparations gave similar 
results; precipitate P was about eight times greater 
from ox heart than from horse heart. It is inter- 
esting to note that the haem content of precipitate 
P, calculated from the iron content, varied between 
6 and 12% (w/w), a range of values consistently 
higher than in either myoglobin or haemoglobin. 
From the light-absorption data of ox-heart pre- 
(c), under conditions in which non- 
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cytochrome haem is converted into pyridine 
haemochromogen, we calculate that the ‘NH,OH’- 
cytochrome contained 15% of its total iron as 
haem impurity. 

The iron content of cytochrome c which has been 
so widely used as a criterion of purity can be shown 
to be of doubtful value. For instance, in the case of 
horse-heart preparation (d), calculation shows that 
if the precipitate P of iron content 0-89% were 
completely included in the corresponding ‘NaCl’- 
cytochrome (0-32 % iron), the product would con- 
tain 6 % of foreign iron and would have a total iron 
content of 0-33 %. This latter figure, in fact, agrees 
exactly with the iron content for the ‘NH,OH’- 
cytochrome of this preparation. Then again, the 
ox-heart ‘NH,OH’-cytochrome of preparation (c), 
as mentioned above, was calculated to contain 
15 % of foreign iron and yet had a total iron content 
of only 0-30 % ; this figure also agrees with the value 
calculated from the foreign iron content on the 
basis of inclusion of a 0-54 % iron content impurity. 

The results leave no doubt as to the presence of 
protohaem in all our preparations, except perhaps 
the resin-purified samples. Although there is 
evidence for combination between the haem and 
protein impurities, some linkage of the haem with 
cytochrome c cannot be discounted; Zeile & Gnant 
(1940) have shown that there is combination under 
alkaline conditions between protohaem and the 
protein of cytochrome c. Certainly, once the im- 
purity is brought into solution by ammonium 
hydroxide dialysis, prolonged dialysis against 
sodium chloride causes only very slight re-precipi- 
tation. It is doubtful if electrophoresis would 
separate protohaem firmly bound to the cytochrome 
protein. Theorell & Akesson (1941) reported the 
presence sometimes of 1-4% non-cytochrome iron 
even in their purest (0-43 % iron) electrophoretic 
preparations. The impurities similarly separated 
by Tint & Reiss (1950) were found to contain no 
iron. The possibility of incorporating foreign iron 
makes it difficult to understand the close relation- 
ship reported by a number of workers between iron 
content and the activity of cytochrome c samples in 
respiration systems. 

The electrometric results, with regard to stability 
and titration curve symmetry, followed closely the 
incorporation of iron-containing non-cytochrome 
impurity. The Ej, values themselves were all well 
within the range of values published by a number of 
workers. We found, however, a consistent difference 
of about 15 mv between the resin-purified and the 
other cytochrome preparations from both horse- 
and ox-heart muscle. The difference appears to be 
due to the presence of modified cytochrome c 
possessing a higher H, value, rather than to the 
non-cytochrome impurities, as the values for the 
less pure grades of cytochrome were almost 
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identical. Margoliash (19546) has found 10-25 % of 
modified cytochrome in preparations prior to resin 
purification. The electrometric results show that it 
is always necessary to consider a complete titration 
curve in assessing an E; value for cytochrome c 
rather than one or even several isolated values. 
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Fig. 4. 
purified cytochrome c samples. 
horse heart Solid line is 
Ei, =0-255 v, n=1. 


Increase in haem-protein impurity was accom- 
panied by a parallel increase in light absorption in 
the reduced cytochromes from about 560 mu. 
towards the red end of the spectrum, with a 
maximal effect at about 590 my. The characteristic 
absorption curves of three ox-heart preparations 
are arranged in Fig. 2 in order of increasing purity, 
commencing with the most impure at the top. An 
identical result, not shown, was obtained with the 
corresponding horse-heart samples. The two ratios 
given in columns (5) and (6) of Table 4 show large 
variations according to the degree of purity; this 
table is also of interest in showing that some of the 
often used ratios of maxima and minima have very 
limited value as criteria of purity. 

The molecular extinction value, €559 .,,. = 27°2 x 10°, 
obtained for ox-heart ‘resin’-cytochrome on an 
iron basis is slightly higher than, but in good agree- 
ment with, that determined by Paléus & Neilands 
(1950), and the one calculated by Tint & Reiss 
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(1950). We feel disinclined, however, to accept as 
final any values yet reported, as there is still un- 
certainty regarding the presence of impurities or 
modified cytochrome in even the best preparations 
so far obtained; e.g. Margoliash (1954), during the 
resin purification of horse-heart cytochrome, has 
obtained some evidence for the existence of 
fractions having iron contents considerably in 
excess of 0-465%. Our results add further weight 
to the opimions expressed by such workers as 
Theorell & Akesson (1941) and Paléus & Neilands 
(1950) that there is need for the use of criteria of 
purity other than those based solely on iron 
content. 


SUMMARY 


1. The E, values at 25° and pH 6-4 of both ox- 
and horse-heart cytochrome c purified by ion- 
exchange resin column chromatography were 
found to be 0-255v; less pure preparations gave 
values higher by about 15 mv. 

2. A haem-containing impurity was consistently 
found in relatively large amounts in the final cyto- 
chrome c¢ precipitate before dialysis according to 
the method of Keilin & Hartree (1945). The extent 
of incorporation of this impurity into the final 
cytochrome preparations varied with the conditions 
of dialysis. The most impure cytochromes were 
obtained by dialysis against ammonium hydroxide; 
this effect appears to be due to the alkalinity rather 
than to any specific action of ammonium ions. 

3. The purest preparations of reduced cyto- 
chrome c, obtained by purification on an ion- 
exchange resin column, showed insignificant autoxi- 
dation. The autoxidation of the less pure samples 
appeared to be largely dependent upon the level of 
haem impurity; the most impure cytochrome 
solutions became fully oxidized in air within 30 min. 

4. Spectrophotometric results have been used to 
assist in determining the degree of purity of the 
various cytochrome c preparations. 

5. Evidence has been presented which throws 
considerable doubt upon the value of the iron con- 
tent as a criterion of purity. 


We are indebted to our senior technician, Mr W. Larsen, 
for expert assistance in the construction of the valve 
electrometer, and to Mr H. Davies for help in preparative 
work. We also thank Mr W. G. Jowett, Defence Standards 
Laboratories, Maribyrnong, Australia, for his valuable 
advice in connexion with gas-purification problems. 
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The in vitro Enzymic Hydroxylation of Steroid Hormones 


3. AN INVESTIGATION OF THE ROLE OF FUMARATE AND PYRIDINE 


NUCLEOTIDES 


IN THE ENZYMIC 118-HYDROXYLATION OF 11-DEOXYCORTICOSTERONE* 


By A. C. BROWNIE anp J. K. GRANT 
Department of Biochemistry, University of Edinburgh 


(Received 12 March 1955) 


Hayano & Dorfman (1953) have claimed ‘speci- 
ficity and absolute necessity for fumarate’ for the 
118-hydroxylation of 11-deoxycorticosterone (DOC) 
when using ‘residue preparations of twice washed 
ox-adrenal homogenates obtained at 5000g’. 
More recently (Hayano & Dorfman, 1954) they 
have made the same observation with acetone-dried 
‘homogenate residues’ as a source of the hydroxyl- 
ating enzyme. We have investigated the 11£- 
hydroxylation of DOC using ox-adrenocortical 
mitochondria suspensions prepared in sucrose 
solution (Brownie & Grant, 1954a). With these 
suspensions 11f8-hydroxylation of DOC occurs 
readily provided that there is coucurrent oxidation 
of a member of the Krebs tricarboxylic acid cycle. 
If the simultaneous oxidation of succinate, for 
instance, is inhibited by malonate, 118-hydroxyl- 
ation does not oceur. However, on addition of «- 
oxoglutarate to the malonate-blocked system, 
118-hydroxylation of DOC proceeds. From these 
observations we concluded that there is no absolute 
and specific necessity for fumarate for 11£- 
hydroxylation by intact ox-adrenocortical mito- 
chondria. We also concluded from other evidence 
presented (Brownie & Grant, 1954a) that 11£- 
hydroxylation by intact mitochondria requires 
concurrent oxidative phosphorylation, for which 
members of the tricarboxylic acid cycle are oxi- 
dizable substrates. 

In order to investigate the differences between 
our results and those of Hayano & Dorfman (1953), 
and in order to obtain further information on the 
cofactor requirements of the 118-hydroxylating 
enzyme system, we have performed experiments 
with deliberately damaged mitochondria. The 
results of these experiments are now reported. 


* Part 2: Brownie, Grant & Davidson (1954). 


A preliminary account of this work has been com- 
municated to the Biochemical Society (Brownie & 
Grant, 19546). 


{X PERIMENTAL 


Enzyme preparations, materials and methods 


Suspensions of ox-adrenocortical mitochondria were pre- 
pared as already described (Brownie & Grant, 1954a; 
Brownie et al. 1954). These will be referred to as ‘fresh 
mitochondria’. Fresh mitochondria were subjected to 
three types of damaging treatment: (a) They were dis- 
persed in 9 vol. of glass-distilled water and incubated in air 
with shaking at 37° for 0-5 hr. These preparations will be 
referred to as ‘pre-incubated mitochondria’. (6) Pre- 
incubated mitochondria were mixed with 1/9 vol. of 
1-54M-KCl to assist subsequent sedimentation, kept for 
5 min. at room temperature and centrifuged at 5000 g. The 
sedimented material was finally dispersed in 9 vol. of 
0-154M-KCl. In this way water-soluble material released on 
pre-incubation of the mitochondria is removed, and con- 
sequently this preparation will be referred to as ‘pre- 
incubated washed mitochondria’. (c) Fresh mitochondria 
were acetone-dried as described by Drysdale & Lardy 
(1953). 

Diphosphopyridine nucleotide (DPN) was _ prepared 
from yeast by the method of LePage (1949a) and purified 
by counter-current distribution (Hogeboom & Barry, 
1948). The material obtained was not less than 75% pure 
as assayed spectrophotometrically following reduction by 
Na,S,0, (LePage, 19496). Triphosphopyridine nucleotide 
(TPN) was prepared from sheep liver by a modification of 
the method of LePage & Mueller (1949) and purified by 
gradient elution from an ion-exchange resin column of 
Dowex-1-formate. The material obtained ranged in purity 
from 60 to 70% as assayed by the method of Horecker & 
Kornberg (1948) with isocitric dehydrogenase prepared 
according to Straub (1942). We are indebted to Professor 
H. A. Krebs, F.R.S., and to Dr D. D. Davies for providing 
details of the method of preparation of TPN and for a 


sample of dimethyl pb-isocitrate lactone from which iso- 
citrate was prepared. Reduced TPN (TPNH) was prepared 
by heating a solution of 5mg. of TPN and 5mg. of 
Na,S,O, in 1 ml. of 0-45m phosphate buffer, pH 7-4, for 
1 min. at 100°, cooling, aerating for 5 min. and diluting to 
suitable volume. A solution of Na,S,O, without TPN was 
treated in the same way and will be referred to as the 
‘reducing solution’. 

The methylene blue used was a special zinc-free pre- 
paration kindly given by Imperial Chemical Industries Ltd. 
Dyestuffs Division. Other dyes were ordinary commercial 
samples. Dicarboxylic acids were used as potassium salts 
freshly prepared from crystallized samples of the free acids. 
A commercial preparation of adenosine triphosphoric acid 
(ATP) (L. Light and Co. Ltd., Slough) was used. 9:11- 
Anhydrocorticosterone acetate (pregna-4:9(11)-dien-21-ol- 
3:20-dione acetate), a gift from Professor C. W. Shoppee, 
was hydrolysed by the method of Mattox & Kendall (1951), 
to obtain the free alcohol. 

The preparation of DOC, incubation conditions and 
methods of steroid analysis have been described elsewhere 
(Brownie & Grant, 1954a; Brownie et al. 1954). 

The reaction mixture employed throughout contained 
95 mm-KCl, 4mm-MgSO,, 40mm potassium phosphate 
pH 7-4 and other additions described, in a final volume of 
3 ml. 

The decrease in optical density of solutions at 340 mu. 
which accompanies the oxidation of TPNH to TPN was 
used to measure this reaction. The measurements were 
made in a Unicam SP. 500 spectrophotometer, using 1 cm. 
cells and a new design of water-jacketed cell holder (Grant, 
1955) maintained at 37°. 


RESULTS 
118-Hydroxylation of DOC by modified 
mitochondrial preparations 


The results illustrated in Fig. 1 show that pre- 
incubation of ox-adrenocortical mitochondria in 
hypotonic media diminished their ability to effect 
118-hydroxylation of DOC (Fig. la, 6). Further 
marked loss in activity occurred when the mito- 
chondria were removed from the media in which 


(a) Fresh mitochondria 
+3m™ fumarate 


(b) Pre-incubated mitochondria 
+3m™ fumarate 


(c) Pre-incubated washed 
mitochondria+3 mm fumarate 


(d) Pre-incubated washed 
mitochondria+3 mM fumarate 
+0-1m™ TPN 


0 20 40 60 80 100 
DOC hydroxylated (%) 

Fig. 1. DOC 11£-hydroxylation by fresh and modified 
adrenocortical mitochondria incubated in air for 1 hr. at 
37°. Reaction mixture was supplemented with 100 mg. 
wet wt. of mitochondria, 0-04 ml. of propylene glycol 
(propane-1:2-diol) containing about 500yug. of DOC, 
fumarate and TPN as shown; total vol. 3 ml. Double 
lines at the ends of bars indicate duplicate values. 
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they were pre-incubated (Fig. lc). This activity 
could, however, be restored if TPN was added with 
fumarate (Fig. 1d). TPN and fumarate separately | 
were without effect in restoring activity (Fig. 2a, b) 
and TPN could not be replaced by DPN (Fig. 2c). } 
Malate could replace fumarate but was less effective. 
Succinate gave very little effect (Fig. 2d,e). | 
a-Oxoglutarate, which was most effective in the 
stimulation of 118-hydroxylation with fresh mito- 
chondria (Brownie & Grant, 1954a), was in- I 
effective with the modified mitochondrial prepara- 















tions even in the presence of TPN (Fig. 2/). ; 
; 
0-1mm TPN i 
(a) 4 02mm TPN 
0-4mm TPN 
(b) 2mm Fumarate j 
2mm Eumarate+0-1mm TPN 
(c) 2mm Fumarate+0-1mm DPN j 


2mm Succinate I 
2mm Succinate +0-1mm TPN 


2mm L-Malate i 


(4) 


(e) 
2 mm L-Malate+0-1mm TPN | 


(f) 2mm a-Oxoglutarate 


2mm a-Oxoglutarate } 
+0-1mm TPN 


100 ' 





0 2 40 60 80 
DOC hydroxylated (%) 


Fig. 2. Effect of TPN, DPN and various intermediates of 


the tricarboxylic acid cycle on 11f-hydroxylation of | 
DOC by pre-incubated washed adrenocortical mito- 
chondria. Final incubations in air for lhr. at 37°. | 
Reaction mixture as described in Fig. 1 with additions | 
as shown. Double lines at ends of bars indicate duplicate 
values. 











(a) 2mm Fumarate 


(b) 2mm Fumarate +0-2mm TPN 


(c) 2mm Fumarate +0-2mm DPN 
+0-5mm ATP 


(d) 2mm L-Malate+0-2mm TPN 


2m™ Succinate +0-2mm TPN 


0 20 40 60 80 100 
DOC hydroxylated (%) 


Fig. 3. DOC 118-hydroxylation by acetone-dried adreno- | 


cortical mitochondria. Incubations in air for 1 hr. at 
37°. Reaction mixture was supplemented with acetone- 
dried mitochondria equivalent to 300 mg. wet wt. of 
fresh mitochondria, 0-03 ml. of propylene glycol con- 
taining about 375 yg. of DOC and other substances as 
shown; total vol. 3 ml. Double lines at the ends of bars 
indicate duplicate values. 
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Similar results were obtained with acetone-dried 
mitochondria (Fig. 3). With this type of prepara- 
tion DPN supplemented with ATP was almost as 
effective as TPN in stimulating 118-hydroxylation 
in presence of fumarate (Fig. 3c). 


Effect of inhibitors on 118-hydroxylation of DOC 
by pre-incubated washed mitochondria 


2:4-Dinitrophenol (DNP) used in low concentra- 
tions which do not inhibit respiration inhibits 
118-hydroxylation of DOC by intact mitochondria 
(Brownie & Grant, 1954a). The same concentration 
of DNP was, however, without effect on 11£- 
hydroxylation by damaged mitochondria in 
presence of fumarate and TPN (Fig. 46). The 
inhibitory effect of malonate previously observed 
(Brownie & Grant, 1954a) was still obtained with 
the damaged mitochondrial preparations (Fig. 4c). 


(a) 2mm Fumarate + 0-1mm TPN 


(b) 2mm Fumarate + 01mm TPN 
+0-2mm DPN 

(c) 2mm Fumarate +0-1mm TPN 
+1mm™ malonate 


0 20 40 «#60 80 100 


DOC hydroxylated (%) 


Fig. 4. Effect of 2:4-dinitrophenol and of malonate on 
118-hydroxylation of DOC by pre-incubated washed 
adrenocortical mitochondria. Final incubations in air 
for 1 hr. at 37°. Reaction mixture as described in Fig. 1 
with additions as shown. Double lines at ends of bars 
indicate duplicate values. 





Investigation of products arising from incubation of 
pre-incubated washed mitochondria with DOC 


When fumarate was omitted from the reaction 
mixture for incubation of pre-incubated washed 
mitochondria with DOC and TPN no corticosterone 
was formed and the apparent recovery of DOC 
accounted for the amounts of this steroid which 
were added to the reaction mixture. The analytical 
methods employed in these experiments would not, 
however, distinguish 9:11- or 11:12-anhydro- 
corticosterone from DOC. The possibility, that 
these hypothetical intermediaries of the 11/- 
hydroxylation of DOC (Hayano, Dorfman & 
Yamada, 1951) might accumulate on incubation of 
DOC in absence of fumarate, was therefore in- 
vestigated. Pre-incubated washed mitochondria 
(100 mg. wet weight) were incubated for 1 hr. at 
37° with 0-l1mm TPN with and without added 
DOC (500 yg.). Benzene-chloroform extracts of 


the incubated mixtures were prepared as described 
by Brownie & Grant (1954a). 
anhydrocorticosterone 


DOC and 9:11- 


were added individually 
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and as a mixture to portions of the extract of 
material incubated without DOC (blank extract). 
Spots of the DOC incubation extract and of the 
mixtures of blank extract and of the individual 
steroids were run on a 40cm. Whatman no. 42 
paper for 5hr. at 20° using solvent system A of 
Bush (1952). The bottom of the paper was serrated 
to facilitate dripping of solvent from the paper. 
Spots were located on the chromatogram by 
spraying with blue tetrazolium (Madder & Buck, 
1952). DOC and 9:11-anhydrocorticosterone were 
clearly resolved. The ‘DOC incubation extract’ 
showed one spot only, corresponding in position 
with that of the authentic DOC. 11:12-Anhydro- 
corticosterone was not used in these chromato- 
grams, but it is probable that it would have been 
resolved from DOC under the conditions em- 
ployed. These results suggest that neither 9:11- 
anhydrocosticosterone nor 11:12-anhydrocortico- 
sterone, the hypothetical unsaturated inter- 
mediaries of the 11f8-hydroxylation reaction, 
accumulates on incubation of DOC with modified 
mitochondria in the presence of TPN and in the 
absence of fumarate. 


Investigation of the role of fumarate in the 118- 
hydroxylation reaction with damaged mitochondria 


The results described above show that ox- 
adrenocortical mitochondria, damaged by pre- 
incubation in hypotonic media or by acetone- 
drying, develop a specific requirement for fumarate 
and TPN which is not observed with fresh mito- 
chondria. As a working hypothesis it was assumed 
that TPN is the H acceptor in the 118-hydroxyl- 
ation reaction, and that in the damaged mito- 
chondria with disrupted electron transport mech- 
anisms (see Discussion) fumarate is required to 
re-oxidize the TPNH formed according to the 
reaction: fumarate +TPNH+H* — succinate+ 
TPN* (cf. Slater, 1950). The influence of fumarate 
on the oxidation of TPNH by pre-incubated 
washed mitochondria was observed directly by 
measuring the fall in optical density at 340 mu. 
which accompanies the oxidation of the coenzyme. 
Pre-incubated washed mitochondria (50 mg. wet 
wt.) were used in these experiments in place of the 
usual 100 mg., in order to facilitate the setting of 
the instrument for 100% transmission with the 
blank cell in the light path. A separate experiment 
with modified mitochondria (50mg. wet wt.) 
incubated for 1 hr. at 37° with 2 mm fumarate and 
0-1 mm TPN in the usual reaction mixture gave 
60% 11f-hydroxylation of DOC (500,g.), com- 
pared with 72% obtained with 100 mg. of enzyme 
under the same conditions. The reaction mixture 
containing 50mg. wet wt. of mitochondria was 
placed in the spectrophotometer cells water- 
jacketed at 37°. At zero time TPNH solution was 
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added to the test cell to give a concentration of 
0-1 mM in a final vol. of 3 ml., and the same volume 
of ‘reduction solution’ was added to the blank cell. 
The mixtures were stirred and optical densities 
were read at 1 min. intervals with stirring after 
alternate readings. The experiment was repeated 
with 2mm™ fumarate in the reaction mixture in 
each cell, and in the presence of 500 yg. of DOC 
added in 0-04 ml. of propylene glycol. 

The results shown in Fig. 5 indicate that TPNH 
was oxidized in the presence of pre-incubated 
washed mitochondria without the assistance of 
fumarate. Fumarate appeared to inhibit the oxi- 
dation of TPNH. DOC was without effect on these 
reactions. 
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Fig. 5. Effect of fumarate and DOC on the re-oxidation of 


TPNH by pre-incubated washed adrenocortical mito- 
chondria incubated in air at 37°. Reaction mixture 
supplemented with 50 mg. wet wt. of mitochondria and 
0-1 mm TPN/TPNH. I, no additions; II, 500 ug. DOC in 
0-04 ml. propylene glycol; III, 2mm fumarate; IV, 
2mm fumarate and 500yug. DOC in 0-04 ml. propylene 
glycol. 


Attempts were made to replace fumarate in the 
118-hydroxylation system by a number of different 
electron acceptors. Ferricyanide (Hunter, 1951) 
and pyocyanine (Dickens & MclIlwain, 1938) are 
known to react directly with reduced pyridine 
nucleotides, whereas most other dyes used as 
hydrogen acceptors require the intervention of 
flavoproteins (cf. Mahler, Tomisek & Heunnekens, 
1953). However, neither these substances nor 
brilliant cresyl blue (Dickens, 1936), methylene 
blue, or 2:6-dichlorophenol-indophenol added at 
the start of or slowly during the incubation 
(Drysdale & Lardy, 1953), were able to replace 


fumarate in the reaction mixture containing 
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100 mg. wet wt. of pre-incubated centrifuged mito- 


chondria, 500yng. of DOC and 0-l1mm TPN 


incubated for 1 hr. at 37°. 


DISCUSSION 


The results reported here show that the specific 
requirement for fumarate for 118-hydroxylation of 
DOC (Hayano & Dorfman, 1953) arises when ox- 
adrenocortical mitochondria, which carry the 
enzymes involved, are subjected to damaging 
treatment, such as pre-incubation without sub- 
strates in hypotonic media, or acetone-drying. 
More exacting requirements arising when mito- 
chondria are damaged by even milder treatment 
such as saline washing have already been dis- 
cussed for the case of octanoate oxidation by liver 
mitochondria (Drysdale & Lardy, 1953). Green, 
Loomis & Auerbach (1948) have shown that pre- 
incubation of kidney mitochondria for 15 min. at 
38° permits the ‘isolation’ of the limited sequence of 
reactions L-malates>fumaratesssuccinate. Other 
oxidizing enzymes of the tricarboxylic acid cycle 
are destroyed. This offers an explanation of the 
observation that malate or succinate but not «- 
oxoglutarate may replace fumarate in the presence 
of TPN in the 118-hydroxylation reaction. Since 
it has been shown that 118-hydroxylation will 
occur in mitochondria prepared in sucrose in 
absence of fumarate and under conditions which 
prevent the formation of this substance (Brownie & 
Grant, 1954a) it must be emphasized that the 
requirement for fumarate by ‘damaged’ mito- 
chondria may be of somewhat academic interest. 

Tsou (1951) suggested that the speed of electron 
transport may depend on the organization of the 
enzymes involved. Since organization of the mito- 
chondria is disrupted by pre-incubation or acetone- 
drying, it appeared that fumarate might be 
required for the re-oxidation of TPNH, possibly 
according to the reactions 


(1) TPNH + DPN* >TPN* + DPNH (Stern, 1952) 
and 


(2) DPNH + fumarate + H* + DPN* +succinate 
(Slater, 1950) 
The apparent inhibition in presence of fumarate of 
TPNH re-oxidation by pre-incubated centrifuged 
mitochondria shows that reactions (1) and (2) will 
not explain the role of fumarate in 118-hydroxyl- 
ation under these conditions. The malonate inhibi- 
tion of 118-hydroxylation by pre-incubated centri- 
fuged mitochondria would, however, suggest that 
the reduction of fumarate to succinate is involved. 
The rate of re-oxidation of TPNH in the presence of 
fumarate and DOC as compared with the rate in 
absence of DOC gives no evidence that hydrogen is 
transferred from DOC through the reaction: suc- 
cinate = fumarate to TPN. It is thus not at 
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present possible to say which is the primary 
hydrogen acceptor, TPN or fumarate. 

The specific requirement for TPN confirms the 
finding of Hayano, Weiner & Lindberg (1953) and 
offers an explanation of the requirement for oxi- 
dative phosphorylation for 118-hydroxylation with 
intact mitochondria (Brownie & Grant, 1954a). 
Thus ATP arising from such oxidative phosphoryl- 
ation may be required for the synthesis of TPN 
according to the reaction DPN+ATP > TPN+ 
ADP (Mehler, Kornberg, Grisolia & Ochoa, 1948) 
as proposed by Hechter & Pincus (1954). However, 
the fact that fresh intact ox-adrenocortical mito- 
chondria can oxidize citrate (Brownie & Grant, 
1954a@) and thus contain some TPN suggests that it 
may be necessary to look for some other role for 
the oxidative phosphorylation. A possibility is 
that the entry of DOC into fresh intact mito- 
chondria may be an active energy-requiring 
process; with the disappearance of permeability 
barriers on treatment with hypotonic media or 
acetone-drying, this energy provision would be- 
come unnecessary. The 118-hydroxylation reaction 
in such damaged mitochondria would not be in- 
hibited by 2:4-dinitrophenol in accordance with our 
cbservations. 

The mechanism of 118-hydroxylation remains 
obscure. It has been shown here that the hypo- 
thetical intermediate of Hayano et al. (1951), 9:11- 
anhydrocorticosterone, does not accumulate when 
pre-incubated mitochondria are incubated with 
DOC and TPN in absence of fumarate. The recent 
interesting report of Hayano & Dorfman (1954), 
that no deuterium enters a stable position in the 
steroid molecule in the course of 118-hydroxyation 
performed in 95% deuterium oxide, precludes the 
direct entry of water into this reaction. This 
observation would also indicate that TPN is not 
involved as an acceptor of hydrogen from the 
steroid, but is concerned with some side reaction 
possibly involving fumarate which tends to keep 
the coenzyme in the reduced state (Fig. 5). The 
failure of a variety of hydrogen acceptors to in- 
fluence the 118-hydroxylation reaction reported in 
the present work supports the view that the 
steroid is not dehydrogenated in the course of 11£- 
hydroxylation. In order to obtain further informa- 
tion on these reactions experiments are now pro- 
ceeding with a soluble 118-hydroxylating enzyme 
extracted from acetone-dried mitochondria. 


SUMMARY 


1. It has been shown that a specific requirement 
for fumarate for the 118-hydroxylation of steroids 
arises when ox-adrenocortical mitochondria which 
carry the enzymes concerned are subjected to 
damaging treatment such as pre-incubation with- 
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out substrate in hypotonic media or acetone- 

drying. 

2. Such enzyme preparations also require tri- 
phosphopyridine nucleotide. 

3. Satisfactory explanations of the role of tri- 
phosphopyridine nucleotide and fumarate in the 
118-hydroxylation reaction cannot be offered at 
present. 
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Galactosaemia is an inborn error of metabolism 
involving a specific inability to metabolize galactose 
normally. The affected infants show failure to 
thrive, enlargement of the liver and _ spleen, 
vomiting, jaundice, proteinuria, aminoaciduria, 
a high blood-galactose level and consequent 
excretion of large quantities of this sugar in the 
urine. These disturbances may be avoided or over- 
come by the early withdrawal of all sources of 
dietary galactose. Thereafter, the administration 
of galactose in any form causes this sugar to re- 
appear in blood and urine in significant amounts. 
If the condition should remain untreated for any 
length of time death may ensue, whilst the sur- 
vivors may develop cataract, cirrhosis of the liver 
and mental retardation. 

Published reports throw no light on the exact 
nature of the basic biochemical lesion which is 
responsible for the syndrome, nor on the possible 
connexion between the accumulation of galactose 
in the body and hepatic, renal, cerebral and other 
disturbances. In an attempt to study these aspects 
we have sought to use those cells of the patient 
which are most readily available, the erythrocytes. 
Since the mammalian erythrocyte is known to 
metabolize galactose (Katayama, 1926; Feigelson & 
Conte, 1954; Nossal, 1948) there was ground for the 
hope that the presence of a biochemical defect in 
hepatic parenchymal cells might be shared, at any 
rate to some degree, by the erythrocytes. We were 
thus led to compare the metabolism of galactos- 
aemic red cells with that of normal cells under the 
same conditions. 


EXPERIMENTAL 


tespiration of erythrocytes. Heparinized venous blood 
(7-10 ml.) was kept in ice until required, when the cells 
were separated by centrifugation, washed twice with ice- 
cold Krebs-Ringer phosphate buffer, pH 7-35, and made 
up to 21 ml. in ice-cold buffer containing adenosine tri- 
phosphate (ATP) and methylene blue (final concentrations 
mM and 3-57 mg./100 ml., respectively) (Feigelson & Conte, 
1954). Measured fractions of the suspension (3-0 ml.) were 
transferred to Warburg flasks for use in respiration studies. 
The gas phase was air. The substrate (glucose or galactose) 
was added after an equilibration period of 15-20 min. 
during which the endogenous respiration ceased. The O, 
uptake was measured at 37° for 1-3 hr., except where 
stated otherwise. During this time the respiration rate was 
constant. The cells were counted in a fraction of the sus- 


pension and the O, uptake was calculated for 10! cells, 
unless otherwise stated. No attempt was made to separate 
the red and white cells after it had been established that, in 
the presence of methylene blue, the O, uptake of red cells 
alone was the same as that of red cells plus buffy coat. 
Incubation of erythrocytes prior to metabolic studies. Blood 
was collected under sterile conditions and 6 ml. were 
placed in each of two siliconed screw-cap bottles containing 
4-0 ml. sterile Krebs-Ringer phosphate buffer, pH 7-38, 
and 4mg. glucose. In addition, one of the two bottles 
contained 16 mg. galactose. The bottles were kept at 6° for 
6 days, with gentle inversion twice daily. In a second 
experiment, the quantities used were 6 ml. buffer, 12 mg. 
glucose and 24 mg. galactose, and the bottles were kept at 
37° for 24 hr. After incubation the suspensions were centri- 
fuged, the cells were washed with buffer and finally sus- 
pended in 10 ml. buffer. Portions were taken for measure- 
ment of respiration, phosphate studies and haemoglobin 
estimation, the last in order to confirm the presence of 
equal numbers of cells in the glucose and galactose solutions. 
Isolation and chromatography of phosphate esters. Whole 
blood was_deproteinized with 10% (w/v) trichloroacetic 
acid; erythrocytes were haemolysed with water by freezing 
and thawing, and the solution was deproteinized. The 
filtrate was fractionated into water-soluble and -insoluble 
Ba salts (LePage & Umbreit, 1946). The Ba salts were 
dissolved in 0-1.N-HCl, the Ba?+ was removed as BaSO, and 
the solutions were neutralized to litmus with NH,OH. 
Portions equivalent to 0-2-0-3 ml. blood were placed on 
Whatman no. 1 or no. 54 paper, previously washed with 
dil. HCl or ethylenediaminetetraacetic acid. The chromato- 
grams were run in n-propanol-ammonia—water (60:30:10, 
by vol.) (Hanes & Isherwood, 1949) for 24 hr., after stapiing 
some folded filter paper, 32 cm. wide, to the bottom of the 
sheet to act as solvent absorber. The chromatogram was 
air-dried and then rapidly drawn through acid molybdate 
reagent in acetone (Burrows, Grylls & Harrison, 1952). It 
was heated for 3 min. in an oven at 85°, placed under an 
ultraviolet lamp for 10 min. and finally exposed to water 
vapour, when the blue spots due to l.ydrolysed phosphate 
appeared. The amounts of glucose phosphate and galactose 
phosphate were estimated visually by comparison with 
known amounts of glucose 1-phosphate run simultaneously. 
The method of visual estimation was considered to be 
accurate to +25%, but an attempt was always made to 
give minimum estimates of high values and maximum 
estimates of low values. Whereas the latter were generally 
accepted as representing hexose 1-phosphate, high values 
were always checked against visual estimates of the 
amounts of free sugars liberated by acid hydrolysis and 
chromatographed (see below). The lower of the two estimates 
was taken as the actual value, in spite of the small loss 
inevitably incurred in the hydrolysis and in the extraction of 
the dry residue for application to the paper chromatogram. 
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Identification of sugar moiety of hexose 1-phosphate. 
Portions of the water-soluble Ba salt fractions were 
hydrolysed with 0-1N-HCl for 7 min. at 100°; the solutions 
were neutralized, evaporated to dryness, and the residues 
extracted with pyridine and chromatographed in butanol— 
pyridine—water (3:2:1-5, by vol.) (Jeanes, Wise & Dimler, 
1951). Alternatively, the phosphate fraction was chromato- 
graphed as described above, the hexose 1-phosphate area 
was eluted with water, the eluate hydrolysed, taken to 
dryness and the residue extracted with pyridine as above. 
The dry chromatogram was developed with the benzidine- 
trichloroacetic acid reagent in acetone (Harris & Mac- 
William, 1954), and after heating for a few minutes at 100°, 
it was examined in ultraviolet light. In this way less than 
0-5 ug. of hexose could be detected easily and estimated 
approximately by comparison with known amounts of 
glucose and galactose. 

Determination of hydrolysis constant of galactose 1- 
phosphate isolated from erythrocytes (Wilkinson, 1949). The 
water-soluble Ba phosphates extracted from galactosaemic 
erythrocytes were chromatographed on a broad sheet of 
paper and the area containing the hexose 1-phosphate 
fraction was eluted with water. The eluate was heated for 
30 min. with 0-1 vol. of N-KOH, neutralized and treated 
with barium acetate: the supernatant was treated with 
2 vol. of ethanol and the precipitate, after one reprecipita- 
tion, was dissolved in water. After addition of HCl to 
0-25N, the solution was incubated at 25° and the inorganic 
P determined in portions after 3 and 6 hr. The total amount 
of galactose 1-phosphate was determined by heating the 
solution at 100° for 7 min. A modification of the method of 
Fiske & Subbarow (1925), using a final volume of 3-2 ml., 
was adopted. 

Determination of inorganic and ester P in erythrocytes. 
When only small volumes of blood were available for 
analysis (patient A.K., Table 3), inorganic P was deter- 
mined by the method of Kuttner & Cohen (1927) and total 
acid-soluble P by the method of Fiske & Subbarow (1925), 
both in whole blood and in plasma. The ester P wastakenas 
(total P) —(inorganic P). From these values and from the 
haematocrit the inorganic and ester P in erythrocytes were 
calculated. After incubation experiments, inorganic and 
total P were determined in portions of the saline suspension 
of the cells. 


RESULTS 
Erythrocyte respiration 


Determination of the oxygen uptake of rat and 
human erythrocytes with galactose as substrate 
failed to achieve levels of respiration equal to those 
found by Feigelson & Conte (1954). These authors 
reported an oxygen consumption of rat cells on 
galactose as substrate amounting to 50% of the 
respiration on glucose as substrate. We have tried 
numerous variations of their method, but none 
yielded respirations with galactose greater than 
5-6% of the glucose respiration, although the 
latter was always in agreement with the published 
values. However, a small but definite respiration 
on galactose substrate was invariably obtained 
with normal human red cells. On the other hand, 
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cells from a patient with galactosaemia did not 
respire in galactose (Table 1). 


Table 1. Oxygen uptake of erythrocytes on glucose 
and galactose substrates 


Equal portions of cell suspension used for glucose and 
galactose respiration; 0-2 ml. 0-11m hexose solutions. All 
values represent means of duplicate determinations. The 
cells were not counted in these experiments. The O, uptake 
was measured at 15 or 30 min. intervals for 2-4 hr. For 
other details, see Experimental section. 


O, consumption (l./hr.) 





Galactose 





Subject Glucose 
Normal 
M.K. 35-7 2:1 
V.S. 51-6 2-4 
G.K. 56-0 2:3 
TB. 69-3 2-8 
J.B. 48-5 2-0 
M.G. 42-9 2-6 
Galactosaemic 
A.K. 69-6 0 
140 
= 120 
$ 
% 100 
= 280 
o 
= 6 
40 
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Fig. 1. Oxygen uptake of normal and galactosaemic 
erythrocytes with glucose (310yug.) and _ glucose + 
galactose (310 wg. +40 mg.) as substrates. In each case 
the glucose was tipped in when the endogenous respira- 
tion had ceased. The O, uptake was measured at 5 min. 
intervals until it stopped (45-65 min.), the time being 
the same in the presence and absence of galactose. 
1, Glucose; §§ glucose+galactose (normal); Z, 
glucose + galactose (galactosaemic). 


Next, the effect of massive amounts of galactose 
on the oxygen uptake of cells on a substrate of sub- 
optimal amounts of glucose was investigated- 
Galactose (40 mg.) was added to each of three 
flasks, and, when the endogenous respiration had 
ceased, glucose (310 ug.) was added to each flask. 
as well as to control flasks without galactose. Im 
Fig. 1 are shown the results obtained with blood 
seven controls and four galactosaemic 


from 
patients. 
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Fig. 1 shows that even under these rather drastic 
conditions the galactose respiration of normal cells 
is only a small fraction of the glucose respiration. 
Nevertheless, a small increment due to galactose 
is invariably obtained with normal cells. The 
behaviour of galactosaemic cells, on the other hand, 
offers a striking contrast: in the presence of 
galactose less O, is consumed than in its absence. 
There is thus a slight but definite inhibition of 
glucose respiration by galactose. 


Chromatography of erythrocyte phosphate esters 

The results so far described suggest a difference 
in carbohydrate metabolism between normal and 
galactosaemic erythrocytes. They prompted a 
comparison of the phosphorylated intermediates of 
such metabolism. In Fig. 2 is shown the chromato- 


gram of the water-soluble barium salt fraction of 
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| G1-P 


en 














‘ 
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Fig. 2. Chromatogram of water-soluble barium _ salt 


fraction of phosphates of blood (A. K., aged 3 months) 
taken before and after 8 days on milk. The aliquots 
chromatographed represent equal volumes of blood. 
Glucose 1-phosphate is included in the chromatogram as 
a marker. 


phosphate esters of red cells taken from a galactos- 
aemic infant on a milk-free regimen and again 
after 8 days on a milk-containing diet (supplying 
5 g. galactose/kg./day). 

It is apparent that the ‘on milk’ sample contains 
a phosphate which is almost completely lacking in 
the ‘off milk’ sample. The R, of this substance is 
very close to that of glucose 1-phosphate (G1-P), 
thus suggesting a hexose phosphate. The amount 
was estimated visually to correspond to 19 mg. 
hexose phosphate/100 ml. blood, whereas the ‘off 
approximately 3 mg./ 
each phosphate 


sample contained 
Another aliquot of 


milk’ 
100 ml. 


1956 


fraction was chromatographed side by side with 
some G 1-P, and the areas containing the hexose 
phosphate were eluted and hydrolysed with 
0-1N-HCl for 7 min. at 100°. The liberated sugars 
were chromatographed, with the results depicted in 
Fig. 3. 

It will be seen that the sugar liberated from the 
‘on milk’ sample travels just behind glucose, its 
R, (glucose = 1-0) being that of galactose. The ‘off 
milk’ sample, on the other hand, yielded small 
quantities of sugars whose R, values are those of 
glucose and galactose respectively. The approximate 
amounts of these hexoses were again estimated 
visually and corresponded to 22mg. galactose 
1-phosphate (Gal 1-P)/100 ml. blood (‘on milk’ 


G 1-P 
hydrolysate 


15 cm. 


20 








Fig. 3. Chromatogram of sugars liberated by 7 min. 
hydrolysis with 0-1N-HCl at 100° from phosphates 
eluted from hexose phosphate area. Descending chro- 


matogram. 


sample), and 5 and 4mg. of Gal 1-P and G1-P 
respectively per 100 ml. (‘off milk’ sample). Thus 
the whole of the phosphate apparent on the chro- 
matogram in Fig. 2 in the hexose 1-P position is 
accounted for as glucose and galactose phosphates. 

In view of the ready hydrolysis of the galactose 
phosphate it was likely to be the 1-isomer. This was 
confirmed by the hydrolysis constant which was 
determined on the chromatographically separated 
and chemically purified material; a value of 
0-93 + 0-16 x 10-3 was obtained. Kosterlitz (1939) 
obtained a value for synthetic «-p-Gal1-P of 
0-89 x 10-3. Since the total phosphate available for 











50 


th 
se 


th 


in 


ne 
ts 
ff 
ll 
of 


l. 





Vol. 62 


this determination corresponded to less than 
10 ng. of phosphorus, the agreement can be con- 
sidered satisfactory. After the completion of these 
experiments, an authentic sample of Gal 1-P was 
found to have the same R, value as G 1-P. 

It was clear that the change-over from a milk- 
less to a milk or galactose diet resulted, after only 
a few days, in the accumulation of considerable 
amounts of Gal1-P in the erythrocytes of the 
galactosaemic patient. A similar observation was 
made on two subsequent occasions and again on 
another patient. Estimation of total hexose 
phosphate in the red cells of normal infants on a 


milk diet showed that no such accumulation of 


Gal 1-P occurred in healthy infants (Fig. 4). 


<— Normal —> <——-  Galactosaemic ————> 
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Fig. 4. Hexose 1-phosphates in blood of normal and 


galactosaemic infants. Normal infants on ordinary milk 
feeds.’ Galactosaemic infants on milk or galactose, as 
indicated, pairs of measurements referring to sugar 
phosphate levels before and after 8 days on milk or 
galactose. J, G 1-P+Gal1-P; 1, G1-P; Z, Gal 1-P. 


Incubation of erythrocytes in vitro 
Since factors other than the direct or indirect 
action of galactose might influence the metabolic 
state of erythrocytes in vivo, the effect of galactose 
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was investigated by in vitro incubation. When 
erythrocytes from galactosaemic patients were 
incubated in galactose-containing media, accumu- 
lation of Gal 1-P occurred. The total hexose 1-P 
(glucose + galactose) present in the cells of galactos- 
aemic infants and normal controls after incubation 
under different experimental conditions is given in 
Table 2. 

There is no doubt that the presence of galactose 
in the medium, in vivo or in vitro, results in the 
accumulation of considerable amounts of Gal 1-P in 
galactosaemic erythrocytes. At the same time the 
normal phosphate ester content of the cells is 
reduced, as can be seen from the chromatogram in 
Fig. 2. A comparison of the two phosphate ester 
fractions of the blood cells forming water-soluble 
and water-insoluble barium respectively 
before and after administration of galactose to a 
galactosaemic infant shows that after galactose the 
phosphate esters of both fractions (with the ex- 
ception of Gal 1-P) are reduced (Fig. 5). On the 
other hand, both phosphate ester fractions of cells 
collected after galactose contain an unidentified 
component (not shown in Fig. 5) appearing below, 
i.e. travelling faster than G1-P, which not 


salts 


1S 


present in the cells obtained before galactose 
administration. This component has not been 


observed on chromatograms obtained previously, 
with cells of the same patient or on chromato- 
grams of other galactosaemic children. 
Quantitative determination of inorganic 
total acid-soluble phosphorus and, by difference, 
ester phosphorus in whole blood and plasma, has 
confirmed the fall in red-cell phosphate esters 
(other than Gal 1-P) which occurs after galactose 
has been given (G. M. Komrower & V. Schwarz, 
unpublished work). Table 3 shows the changes in 


and 


cellular phosphorus due to administration of 
galactose to a galactosaemic infant. The ester 


Table 2. Hexose 1-phosphate in erythrocytes after incubation with and without galactose 


Estimated visually on chromatograms, as indicated in Experimental section, and calculated as hexose phosphate 


(free ester). 


Galactose in 





Period of 


Hexose 
1-phosphate 


substratet incubation Temp. (mg./100 ml. 

Subject (g./100 ml.) (hr.) (°) blood) 
E.F.* 1:3 1-25 37 5-6 
V.S. 1-3 1-7 37 2-3 
A. 0-2 4:25 37 75 
K. 0-2 5 37 3-0 
Ss. 0 144 6 2-5 
S. 0-16 144 6 10-0 
Vi; 0 144 6 l 

Ve 0-16 144 6 2:7 
C.S. 0 24 37 0-7 
C.S.* 0-2 24 37 6-7 
K.C. 0 24 37 <1 
K.C 0-2 24 37 1-4 


* Galactosaemic patients; the remainder were normal controls. 


= 


All substrates contained glucose. 
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Table 3. Changes in P content of erythrocytes taken 
before and after administration of galactose to a 
galactosaemic infant (A.K.) 


Water-insoluble | Water-soluble 
Ba salts 





Ba salts 









ae ‘tities For the methods employed see Experimental section. 
\galactose| galactose = galactose 





Erythrocyte P content 


A 

















0 cm. — x eae 
Inorganic P Ester P 
(mg./100 ml. (mg./100 ml. 
| cells) cells) 
Before galactose 6-96 44-3 
After galactose 2-13 36-8 
i | | 
5 2 = ae 


Table 4. Respiration and Gal 1-P content of red 
blood cells from two galactosaemic patients 





[ 
[ 


Blood was taken before and after 8 days on a galactose- 
containing diet. The cells were washed with buffer as 
indicated in the Experimental section and the O, uptake 
10 was measured on 310 yg. of glucose/flask as substrate until 

respiration ceased. Readings were taken at 5 min. intervals. 
| The total O, consumed during the actual period of respira- 
tion was calculated in each case on the basis of pl. con- 
| sumed/hr. The means of the determinations are given in the 
table, together with their deviations. Gal 1-P was esti- 
| j mated in the cells from 1 ml. of blood, taken at the end of 
15 the 8-day period on galactose feeds. The amount of Gal 1-P 


(YY © 
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found in the cells before commencing galactose was 
negligible. The results are expressed as mg. free ester/ 


co a 

















{ 100 ml. packed cells. 

Fig. 5. Chromatogram of fractions of phosphate esters (pl. Ofte 10" cella) Gal 1-P in cells 
of blood cells forming water-soluble and water-insoluble ——_—_—_—_"——_ ~\ (mg./100 ml. 
barium salts respectively (A.K., aged 11 months) Before After cells). 
before and after administration of galactose. The Patient galactose galactose After galactose 
portions chromatographed represent equal volumes of E.F. 139-7+0-1 100-7 +. 0-4 20 
blood. AK. 119-4+4-0 94-4+41-9 17 


Table 5. Effect of galactose on galactosaemic and normal erythrocytes in vitro 


The cells were incubated as shown in the table. After washing with saline, portions were taken for determination of 
inorganic and total P and Gal 1-P, as described in the Experimental part. The remainder of the cell suspension was used 
for respiration measurements. The O, uptake was measured in each case on glucose as substrate, 3-39 mg./flask, giving a 
final concentration of 109 mg./100 ml. Readings were taken at 15 min. intervals for 3 hr. During this time the uptake was 
steady in all cases. The recorded values for O, consumption are the means of three flasks. The effect of galactose is 
expressed as % reduction (-—) or increase (+) of the respiratory rate of the glucose-incubated cells. 








Incubation medium Change of Phosphate fractions 
——__—_—_—, Incubation Glucose respiratory (mg./100 ml. cells) 
Glucoset Galactose ———+——, respiration rate due to poss + 
(mg. (mg./ Time Temp. (pl. O,/hr./10!° galactose Gal1-P Inorganic Ester 
Subject 100 ml.) 100 ml.) = (hr.) = (°) cells) (%) (free ester) _ P 
S.B.* 100 0 144 6 96-8+1-8 ) _19 { — 3-6 47-1 
S. B.* 100 160 144 6 78-7+1-7 j , ( 22 3-6 42-6 
V.S. 100 0 144 6 548423 | (ioe [ — 41 55-9 
VS. 100 160 144 6 562420 jf (+26) | 6 22 57-8 
C.8.4 150 0 2% 8637 53-9412  ) 30 fC =e 18-9 28-6 
C.S:* 150 200 24 37 37-8+40-2 i | 15 19-8 20-9 
K.¢ 150 0 24 37 44-8+40-4 | 113-4 f _ 25:8 25°5 
K.¢ 150 200 24 37 50-8 +0-4 ) 3 ( 3 23-8 36-2 


* Galactosaemic patients. 
+ The glucose concentration makes allowance for the glucose content of the blood used. 
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phosphorus is reduced by some 17%, and, if 
allowance were made for the presence of Gal 1-P, the 
reduction of ester phosphorus would amount to 
about 25 %. The inorganic phosphorus is reduced by 
nearly 70%. It is obvious that the metabolism of 
the red cells is greatly affected, an observation 
which is borne out by the respiratory rate of 
erythrocytes taken from galactosaemic infants 
before and after galactose feeding (Table 4). Very 
similar results are obtained for the respiration of 
cells incubated with and without galactose at 6° for 
6 days or at 37° for 24 hr. (Table 5). 

It is clear from Table 5 that the metabolism of 
galactosaemic erythrocytes is strikingly affected by 
in vitro incubation with galactose. The respiration 
of normal cells may be enhanced, and this effect is 
reflected in the ester phosphorus values which are 
increased by 3 and 42%, whereas the reduced 
respiratory rate of the galactosaemic cells is 
accompanied by a fall in ester phosphorus of 14 
and 27 %. 


DISCUSSION 


The pathway of galactose metabolism in the normal 
mammal has not been definitely established. Leloir 
and his school (Caputto, Leloir, Cardini & Paladini, 
1950) have elucidated the mechanism of galactose 
degradation in some micro-organisms. Kosterlitz 
(1937) has observed the accumulation of Gal 1-P in 
the livers of galactose-fed rabbits and Leloir & 
Cardini (1953) have shown that the mammalian 
liver contains galactokinase. Uridine diphosphate 
glucose (UDPG) is present in various mammalian 
tissues and increases in the liver of galactose-fed 
chicks (Rutter & Hansen, 1953). It seems reason- 
able to suppose, therefore, that the transformation 
of galactose into glucose in animal tissues may 
proceed according to the scheme discovered by 
Leloir and co-workers in Saccharomyces fragilis: 


galactokinase 
galactose + ATP ———_—— > Gal 1-P+ADP, (1) 
galactowaldenase + UDPG 
Gal 1-2 =—=———————————= G 1-P.._ (2) 
The abnormal behaviour of galactosaemic 


erythrocytes in galactose media indicates that 
these cells do, in fact, share in the characteristic 
inability of the organism as a whole to metabolize 
galactose normally. The accumulation of Gal 1-P 
in the red cells suggests that it is reaction (2) in the 
scheme above which is partly or completely blocked. 

The absence of any substantial amount of 
Gal 1-P from the red cells of healthy infants 
receiving normal milk feeds may be accounted for 
(a) by the low blood-galactose level and (b) by the 
intracellular transformation of galactose into 


glucose. The in vivo accumulation of Gal 1-P in 
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galactosaemic cells might, therefore, be attributed 
entirely to the high blood-galactose levels rather 
than to a defective mechanism in these cells, were 
it not for the in vitro experiments in which much 
more Gal 1-P accumulated in galactosaemic than 
in normal cells exposed to the same concentration 
of galactose. It is not possible to carry out this 
test in vivo, since in a normal subject even large 
doses of galactose fail to produce a sufficiently 
prolonged rise in the blood galactose level. 

The mechanism whereby the metabolism of the 
galactosaemic erythrocyte is partially inhibited is 
not yet established; but this inhibition is clearly 
not due to galactose itself, since the metabolism of 
normal cells exposed to similar concentrations is, in 
fact, slightly enhanced. There is thus no evidence 
that galactose itself exerts a ‘toxic’ action on 
normal cells. Since galactosaemic cells display a 
reduced metabolism in the presence of galactose, 
the inhibitory agent is likely to be an intermediate 
of galactese metabolism which accumulates as a 
result of the metabolic block. This intermediate 
may well be Gal 1-P, although other possibilities 
cannot be ruled out at this stage. Thus it is not 
impossible that the accumulation of Gal 1-P gives 
rise to the actual inhibitor. It is interesting to note 
in this context that Posternak & Rosselet (1954) 
have found that phosphoglucomutase promotes the 
conversion of Gal 1-P into the 6-isomer. This 
reaction is 400 times slower than the corresponding 
isomerization of G 1-P, but it proceeds by the same 
mechanism, involving glucose 1:6-diphosphate as 
a coenzyme. It is conceivable that Gal 1-P com- 
petitively inhibits the transformation of G 1-P, or 
that the normal coenzyme is gradually replaced by 
galactose 1:6-diphosphate, by the reaction: 


Gal 1-P+ glucose 1:6-diphosphate > 
galactose 1:6-diphosphate + glucose 6-phosphate. 


The possibility must not be ignored that Gal 1-P 
accumulation in the cells is but one, perhaps the 
first, of a series of derangements which involve the 
intracellular phosphate distribution. There is a 
striking difference between the changes in ester 
phosphate content which occur in galactosaemic 
and in normal erythrocytes on incubation in a 
galactose medium. 

The metabolic defect which the present investi- 
gations have served to demonstrate in galactos- 
aemic erythrocytes may well be shared by a variety 
of other tissue cells in this condition. A partial 
inhibition of the normal metabolism of such cells 
and particularly of those whose functions are known 
to suffer most readily in consequence of anoxia, 
may serve to explain many of the manifestations of 
galactosaemia. Thus evidence of impaired function 
is displayed by the renal tubular epithelium— 
aminoaciduria and, probably, metabolic acidosis; 
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by the cerebral tissues—mental retardation or 
convulsions; by the lens—cataract formation; by 
the liver—fatty change, icterus and cirrhosis. 

Experimentally, convulsions occur in chicks fed 
on diets containing more than 15% of galactose 
(Leecoq, Chauchard & Mazoué, 1943; Dam, 1944; 
Rutter, Krichevsky, Scott & Hansen, 1953; Golberg 
& Schwarz, unpublished work). The lens depends 
for its supply of energy almost entirely on the 
combustion of carbohydrate (Fischer, 1930), and it 
has been shown recently (Nordmann, Mandel & 
Achard, 1954) that 
bolism of the lens results in cataract formation. It 
would, therefore, seem that a partial inhibition of 
the normal lenticular metabolism might eventually 
lead to structural changes and the development of 
opacity. 

The postulated inhibition of liver, kidney, brain 
or lens tissue by Gal 1-P or another intermediate 
of galactose metabolism is, at present, purely 
speculative. It is not yet known whether Gal 1-P 
accumulates in these tissues, and if so, whether the 
effect in blood cells. 
Experiments designed to throw light on this 
aspect, and on the more fundamental problem of 
the mechanism of the inhibition, are now under 





inhibition of glucose meta- 


is similar to that observed 


way. 


Note added in proof. Since this paper was completed 
we have demonstrated the Gal 1-P in 
cataractous lenses of galactose-fed rats [ Biochim. biophys. 
Acta (1955), 18 (in the Press)]. 


presence of 


SUMMARY 


1. The nature of the biochemical lesion in 
galactosaemia has been investigated by comparing 
the metabolic behaviour of the erythrocytes from 
normal individuals and from cases of the disorder. 

2. Galactosaemic erythrocytes, in contrast to 
normal red cells, do not respire on galactose sub- 
strates. Oxygen uptake on glucose substrates is 
partially inhibited by the presence of galactose. 

3. Galactosaemic erythrocytes, on exposure to 
galactose, in vivo or in vitro, accumulate galactose 
l-phosphate. Values of up to 20mg. galactose 
1-phosphate/100 ml. blood have been obtained. 
Much smaller amounts accumulate in normal red 
cells exposed to high galactose concentrations in 
very little galactose 
found in normal infants on a milk diet. 

4. After exposure to galactose the O, uptake of 
re- 


vitro, and 1-phosphate is 


considerably 


erythrocytes is 


galactosaemic 
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duced, while that of normal cells is slightly en- 
hanced. This effect is reflected in the level of 
phosphorylated intermediates: galactose lowers the 
ester phosphorus (other than galactose 1-phos- 
phate) of galactosaemic cells and raises that of 
normal cells. 

5. The toxic effect of galactose on blood cells 
and other tissues is discussed in the light of these 
findings. Some of the wider implications are 
touched upon. 
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The Steroid Sulphatase of Patella vulgata 


By A. B. ROY 
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Molluscan tissues have been known for many years 
to be a rich source of a number of sulphatases 
(Soda, 1936). Recently considerable interest has 
been shown in these enzymes as a means of hydro- 
lysing urinary steroid sulphates (Henry, Thevenet 
& Jarrige, 1952; Stitch & MHalkerston, 1953; 
Jayle & Beaulieu, 1954). To date, three sulphatases 
have been detected in extracts of Patella vulgata: 
aryl sulphatase, hydrolysing aryl sulphates (Dodg- 
son & Spencer, 1953); glycosulphatase, hydrolysing 
glucose sulphates (Dodgson & Spencer, 1954); and 
steroid sulphatase, hydrolysing dehydroepiandro- 
sterone sulphate (Stitch & Halkerston, 1953; Roy, 
19546). A fourth enzyme, chondrosulphatase, 
hydrolysing chondroitin sulphate, has been de- 
tected in related molluscs by Soda, Katsura & 
Yoda (1940) and is probably also present in 
Patella. None of these enzymes has been obtained 
free from the others, nor even purified to any 
extent, so that the specificity of the various 
enzymes is obscure. 

An ehzyme hydrolysing dehydroepiandrosterone 
sulphate has been detected in Helix pomatia 
(Henry et al. 1952) and in Otala punctata (Savard, 
Bagnoli & Dorfman, 1954). The relation of these 
enzymes to that of Patella has not yet been in- 
vestigated, but they appear to be similar in their 
general properties, although none of these has been 
studied in detail. 

The present paper gives the results of an in- 
vestigation into the purification and properties of 
steroid sulphatase carried out with the aim of 
obtaining a preparation suitable for use in the 
assay of urinary steroid conjugates. A preliminary 
account of some aspects of this work has already 
appeared (Roy, 19545). 


EXPERIMENTAL 


Preparation of substrates 


Dipotassium 2-hydroxy-5-nitrophenyl sulphate (nitro- 
catechol sulphate) was prepared by the method already 
described (Roy, 1953a). Potassium glucose-6-sulphate was 
prepared from the barium salt synthesized by the method of 
Duff (1949). It should be noted that this material is not a 
pure compound (Dodgson & Spencer, 1954). Chondroitin 
sulphate was prepared from human costal cartilage by the 
method of Einbinder & Schubert, 1950). 

Steroid sulphuric acid esters were synthesized by a 
modification of the method of Paterson & Klyne (1948). 


The steroid alcohol (50 mg.) was dissolved in 3 ml. of dry 
benzene and an equal weight of pyridine-SO, was added. 
The mixture was boiled under reflux on the water bath for 
1-5 hr., then cooled and diluted with 30 ml. of light petro- 
leum (b.p. 60-80°). After standing for lhr. at 0°, the 
precipitated pyridinium salt of the steroid sulphate was 
filtered off and washed with light petroleum. The residue 
was extracted 5 times with 2 ml. portions of boiling chloro- 
form in order to separate the soluble pyridinium salt from 
the excess pyridine-SO,, and the chloroform solution so 
obtained was taken to dryness in vacuo. The residue of the 
pyridinium salt was dissolved in the minimum of boiling 
70% aqueous ethanol and an equal volume of hot cold- 
saturated K,SO, was added. Water was added dropwise to 
the boiling mixture until complete solution was effected. 
On cooling, the potassium salt of the steroid sulphate 
crystallized out and was purified by recrystallization from 
water. In the case of the sulphates of the A® unsaturated 
steroids, treatment with boiling water was kept as brief as 
possible to prevent decomposition owing to the hydrolysis 
of these compounds in hot aqueous solution (Figs. 7, 8). The 
yield of the recrystallized material was normally between 
50% and 70% of the theoretical. 

In the case of highly polar, labile steroids such as 
cortisone, the above method modified by using 
pyridine as the solvent and allowing the sulphation to 
proceed at room temperature for 60 hr. 

Potassium cholesteryl sulphate was prepared by the 
method of Sobel & Spoerri (1941). Sodium ccrtisone sul- 
phate was a preparation of Merck and Co. Inc. 

In the following, when the term ‘steroid sulphate’ is 
used, the compound referred to is the salt, usually the 
potassium salt, of the sulphuric acid ester of the steroid in 
question. 


was 


Estimation of steroid sulphates 


The determination of steroid sulphates was carried out by 
a technique developed from that of Vlitos (1953) for the 
estimation of sodium dichlorophenoxyethyl sulphate in 
soil; this makes use of the solubility in chloroform of the 
methylene blue complexes of sulphuric acid esters. The 
methylene blue reagent was similar to that of Vlitos (1953) 
and was prepared by dissolving 250 mg. of methylene blue 
chloride in water, adding 50g. of Na,SO, and 10 ml. of 
H,SO,, and making up to 1 |. with water. 

To 1 ml. of an aqueous solution of the steroid sulphate, 
containing from 25 to 100yug. of steroid sulphate, was 
added 1 ml. of methylene blue reagent. The mixture was 
then extracted with 5ml. of chloroform by shaking 
vigorously in a stoppered tube for 30 sec. Any emulsion 
was broken by centrifuging and the aqueous layer was 
sucked off, after which 2 ml. of the clear chloroform layer 
was pipetted into 10 ml. of 75% aqueous ethanol. The 
intensity of the resulting blue solution was read in the 
Spekker absorptiometer with Ilford filter no. 608 (700 my.) 
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against a reagent blank prepared as above. Smaller 


amounts of steroid sulphates could be determined by 
reading the intensity of the chloroform solution without 
diluting and using the micro-cells. 

If the solution of the steroid sulphate contained protein 
the recovery of the sulphate tended to be low and erratic. 
This was overcome by heating the solution in a boiling- 
water bath for 5 min. and cooling in running water before 
adding the methylene blue reagent. With this slight 
modification the recovery of dehydroepiandrosterone sul- 
phate (DHAS) from protein solutions was constant at 
95%, as shown by the results in Table 1. That this slightly 
low recovery is due to the hydrolysis of DHAS at 100° can 
be seen from the data of Fig. 7 and from the fact that the 
recovery of the more stable epiandrosterone sulphate was 
100% under the same conditions. The above method was 
therefore suitable for the assay of steroid sulphatase. The 
slight inaccuracy of the method was more than countered 
by its general applicability, there being no significant 
difference between calibration curves prepared from DHAS, 
epiandrosterone sulphate or pregnenolone sulphate. 


Table 1. Recovery of DHAS added to enzyme 
solutions without incubation 
Protein concentration 250 yg./ml. at pH 4-5 in 0-15M 
acetate. 
Recovery (%) 
Added DHAS A 


a = 
(ug) Range Mean 
96-0 93-96 95 
76-8 94-97 95 
57-6 94-95 94 
38-4 95-98 96 
19-2 91-100 93 


The partition of the steroid sulphate—methylene blue 
complex between the aqueous and chloroform phases was 
influenced to only a slight extent by the presence of electro- 
lytes in concentrations normally encountered in enzyme 
work. A concentration of 0-1mM-NaCl in the aqueous phase 
increased the partition in favour of the chloroform phase 
by only 10%, while similar concentrations of acetate, 
sulphate, and phosphate were without effect. 


Measurement of enzyme activity 


Aryl suiphatase. This was assayed by a simplification of 
the technique developed by Roy (1953a) for the assay of 
ox-liver sulphatases, using nitrocatechol sulphate as sub- 
strate and determining colorimetrically the liberated 4- 
nitrocatechol. Because of the very high activity of the 
enzyme preparations used, the protein concentration in the 
reaction mixture was so low that deproteinizing was not 
necessary. 

To 0-25 ml. of 0-5M acetate buffer, pH 5-6, and 0-5 ml. of 
0-01 M nitrocatechol sulphate, previously adjusted to pH 5-6 
with acetic acid, was added 0-25 ml. of enzyme solution to 
give a final substrate concentration of 0-005 nitrocatechol 
sulphate at pH 5-6, the optimum conditions for the assay 
of aryl sulphatase. After incubation for 1 hr. at 37° the 
reaction was stopped and the colour was developed by the 
addition of 8 ml. of 1-5N-NaOH. The intensity of the red 
colour was read in the Spekker absorptiometer with Ilford 
filter 604 (520 my.) against a blank in which the enzyme 
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and substrate had been incubated separately and mixed 
only immediately before the addition of the alkali. 

Steroid sulphatase. To 0-25 ml. of 0-5m acetate buffer, 
pH 4-5, were added 0-5 ml. of 0-4 mm DHAS and 0-25 ml. 
of enzyme solution giving a final substrate concentration of 
0-2 mm DHAS at pH 4-5. After incubation at 37° for 1 hr. 
the reaction was stopped by heating the tubes in a boiling- 
water bath for 5 min. After cooling, the amount of DHAS 
remaining was determined by the method described above. 
Simultaneous control experiments were always carried out, 
in which the enzyme and substrate were incubated separ- 
ately, being mixed only immediately before heating in the 
water bath. The amount of DHAS in these control tubes 
was also estimated as above. 

The enzymic activity was therefore proportional to the 
difference between the amounts of DHAS remaining after 
incubation in the presence of and in the absence of the 
enzyme. This difference was normally small, about 15%, 
so that the method was not suited for accurate kinetic 
studies, but it was adequate for the experiments described 
below. 

A few experiments were carried out in which the above 
reaction mixtures were extracted with carbon tetrachloride 
in order to separate the dehydroepiandrosterone from the 
DHAS. Samples of these extracts were taken to dryness 
and the amounts of dehydroepiandrosterone present were 
determined by the usual Zimmerman technique. The 
results obtained were in agreement with those obtained by 
the methylene blue technique, but, as no greater accuracy 
could readily be attained, the method was not used as a 
routine. 


Preparation of steroid sulphatase 


Preliminary experiments showed that the aryl sul- 
phatase and steroid sulphatase of Patella extracts closely 
paralleled one another during acetone or’ ammonium 
sulphate fractionation procedures, so that the following 
method, although designed primarily for the purification of 
steroid sulphatase, gives a considerable purification of both 
enzymes. The final stage, stage 3, is a convenient one for 
the further purification of these two enzymes. 

The starting material was an acetone powder of the 
visceral hump of Patella vulgata, the common limpet. The 
animals were collected locally and the visceral humps 
dissected out as soon as possible after collection. An 
acetone powder was prepared from this material in the 
usual manner (Dodgson & Spencer, 1953) and was kept 
in vacuo over PO, until required. The acetone powder 
showed no diminution in activity when stored thus for 
6 months. 

Stage 1. 50 g. of acetone powder were extracted for 1 hr. 
at room temperature with 500 ml. of 0-1N-KCl and the 
extract was separated by centrifuging. The residue was re- 
extracted with a further 250 ml. of KCl solution, and the 
combined extracts were chilled to 0°. The pH of the solution 
was carefully lowered to 2-5 with N-HCl, allowed to remain 
there for 2 min. and then taken to 5 with M sodium acetate. 
This destroyed the very large amounts of 8-glucuronidase 
present without significantly affecting the sulphatases 
(Dodgson & Spencer, 1953) and also eliminated a factor, 
presumably a cellulase, which, if this procedure were 
omitted, weakened the dialysis tubing used in the later 
stages. The mixture was then made 0-3 saturated with 
respect to (NH,).SO, by the addition of the requisite 
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amount of a saturated solution. After standing for 3 hr. at 
0°, the precipitate was centrifuged off and discarded. The 
supernatant was made 0-7 saturated with respect to 
(NH,).SO, and the heavy precipitate was allowed to settle 
out overnight at 0°. The precipitate was centrifuged off, 
dissolved in 50 ml. of water and dialysed overnight against 
running tap water at room temperature, giving 160 ml. 

Stage 2. To 140 ml. from stage 1 were added 20 ml. of 
0-5 sodium acetate, pH 6-5, and 2 ml. of 0-3m-CaCl,. The 
volume was made up to 200 ml. and the mixture precipi- 
tated with 100 ml. of acetone at -—9° as previously de- 
scribed (Roy, 19536). The precipitate was centrifuged off 
and discarded, while the supernatant, kept at —9°, was 
precipitated with a further 100 ml. of acetone. The super- 
natant obtained on centrifuging was discarded and the 
precipitate was dissolved in 20 ml. of water and dialysed 
overnight to give 80 ml. 

Stage 3. 50 ml. from stage 2 were brought to pH 5 with 
sodium acetate and the solution made 0-4 saturated with 
respect to (NH,),SO, as before. After standing for some 
hours at 0°, the precipitate was centrifuged off and dis- 
carded. The supernatant was made 0-7 saturated with 
respect to (NH,),SO, and, after standing overnight at 0°, the 
precipitate was separated, dissolved in 20 ml. of water and 
dialysed overnight to give 50 ml. 

As a routine this preparation was freeze-dried, giving 
450 mg. of a bulky, readily soluble powder; the dry 
material was stored at — 10°, under which conditions it was 
apparently stable indefinitely. For the assay of steroid 
sulphatase this dry preparation was used in a final concen- 
tration of 150 ug./ml., and for aryl sulphatase in a concen- 
tration of 4 yg./ml. 

In a typical preparation the recovery of the steroid sul- 
phatasé at stage 3 was about 50% of that present in the 
KCl extract and represented a 50-fold concentration of the 
enzyme with respect to the protein content of the solutions. 


Paper electrophoresis 


Electrophoresis on paper was carried out as previously 
described (Roy, 1954a), at pH 7-4 in 0-03M veronal buffer 
on Whatman no. 100 filter paper. The time of running was 
6hr. at 500v. Aryl sulphatase and steroid sulphatase 
activities were localized by cutting the paper into lem. 
strips and incubating portions of these strips in the reaction 
mixtures described above. 


RESULTS 
Aryl sulphatase 


As the properties of this enzyme have already been 
investigated by Dodgson & Spencer (1953), the 
results obtained in the present investigation are 
only briefly reported in so far as they have a 
bearing on the relationship of this enzyme to 
steroid sulphatase. The results obtained were in 
general agreement with those obtained by the 
above workers who used p-acetylpheny] sulphate as 
the substrate in their investigations, not nitro- 
catechol sulphate. 

The pH optimum for the hydrolysis of nitro- 
catechol sulphate was 5-4-5-6 in acetate buffers 
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(Fig. 1), and the optimum substrate concentration 
at that pH was 0-005m (Fig. 2). These latter 
results fitted the Lineweaver & Burk (1934) 
equations and showed K,, to be 0-0007mM nitro- 
catechol sulphate. The reaction velocity determined 
at pH 5-6 and at a substrate concentration of 
0-005m nitrocatechol sulphate was directly pro- 
portional to the enzyme concentration and re- 
mained constant for at least 2 hr., apart from a 
slight decrease in the reaction velocity after the 
first 5 min. 
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Fig. 1. Effect of pH on aryl sulphatase activity. Volume of 
reaction mixture 1-0 ml., containing 0-5 ml. 0-01M 
nitrocatechol sulphate, 0-25 ml. enzyme and 0-25 ml. 
0-5 acetate buffers of varying pH. Incubated for 1 hr. 
at 37°. 
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Fig. 2. Effect of varying substrate concentrations on aryl 


sulphatase activity. Volume of reaction mixture 1-0 ml., 
containing 0-25 ml. 0-5M acetate buffer, pH 5-6, 0-25 ml. 
enzyme solution and 0-5 ml. nitrocatechol sulphate 
solutions of varying concentrations. Incubated for 1 hr. 
at 37°. 
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The effect of a number of inhibitors was studied 
and the results are summarized in Table 2. In 
every case the inhibitor dissolved in the 
acetate buffer so that the enzyme was added to the 
previously mixed substrate and inhibitor. The 
results shown in Table 2 confirm those obtained by 
Dodgson & Spencer (1953), the most important 
observation being the activation of aryl sulphatase 
by Cl ions. The inhibition by SO,?~ was not due to 
a shift in the position of the pH optimum, as was 
the case with ox-liver sulphatase A (Roy, 1955). 


was 


Table 2. Effect of various substances on the hydro- 
lysis of nitrocatechol sulphate (NCS), DHAS and 
cortisone-21-sulphate (CS) by extracts of Patella 
vulgata 
In each case the conditions were those optimal for the 

enzymic hydrolysis, as described in the text. The activity 

is expressed relative to control determinations with no 


added substance, this activity being taken as 100%. 


Concen- Relative activity 








tration = ———*~—_—_——_- 

Compound (mM) NCS DHAS CS 
Glucose 0-5 80 100 50 
Glucose-6-sulphate 0-025 — 70 25 
NaCl 0-05 118 75 96 
KCl 0-05 — 74 — 
Na,SO, 0-005 95 25 , 
NaH,PO, 0-005 16 2 
NaF 0-005 26 10 -—— 


The above kinetic studies gave no indication of 


the presence of more than one aryl sulphatase in 
extracts of Patella vulgata, but, as reported below, 
the results of the electrophoresis studies showed the 
presence of two aryl sulphatases. 


Steroid sulphatase 


Under the conditions of assay described above, 
there was direct relationship between the concen- 
tration of the enzyme and the reaction velocity, 
which was constant for at least 2 hr.; by this time 
about 40% of the substrate initially present had 
been hydrolysed. 

Fig. 3 indicates that the optimum substrate con- 
centration is about 0-2 mm DHAS and that the K,, 
is approximately 0-04 mm DHAS. The pH optimum 
is at pH 4-5 in acetate (Fig. 4). 

The results of a number of experiments on the 
inhibition of steroid sulphatase are shown in 
Table 2. As with aryl sulphatase, the enzyme was 
added to the previously mixed substrate and in- 
hibitor. The most important result is the inhibition 
of steroid sulphatase by Cl” ions under conditions 
which give an activation of aryl sulphatase. As 
previously reported (Roy, 1954b), steroid sul- 
phatase will not hydrolyse androsterone sulphate. 
[It has now been shown that this compound has 
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little inhibitory action on the hydrolysis of DHAS 
by steroid sulphatase, a concentration of 0-2 mm 
androsterone sulphate inhibiting the hydrolysis of 
DHAS by only about 10%, showing that steroid 
sulphatase has very little affinity indeed for andro- 
sterone sulphate. 


30 
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jig. DHAS hydrolysed 


0-1 0-2 0:3 
Substrate concentration (m™) 

Fig. 3. Effect of varying substrate concentrations on 
steroid sulphatase activity. Volume of reaction mixture 
1-0 ml., containing 0-25 ml. 0-5M acetate buffer, pH 4-5, 
0-25 ml. enzyme, and 0-5 ml. DHAS solutions of varying 


concentrations. Incubated for 1 hr. at 37°. 
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Fig. 4. Effect of pH on steroid sulphatase activity. 
Volume of reaction mixture 1 ml., containing 0-5 ml. 
0-4 mm DHAS, 0-25 ml. enzyme solution and 0-25 ml. 
0-5 acetate buffers of varying pH values. Incubated 
for 1 hr. at 37°. 


Specifiicity of steroid sulphatase. These experi- 
ments (Table 3) were carried out under conditions 
optimal for the hydrolysis of DHAS, pH 4-5 and 
a substrate concentration of 0-2 mm. It is obvious 
that steroid sulphatase has a very high degree of 
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stereochemical specificity hydrolysing only the 3- 
sulphates of the 5«-38-hydroxy- or of the A5-3f- 
hydroxy-steroids. The compounds studied have 
been mainly the 3-sulphates as these are the only 
steroid sulphates which have been shown to occur 
naturally in urine, and also as complete series of 
other hydroxy steroids are very difficult to obtain. 


Table 3. Specificity of steroid sulphatase 


All the assays were carried out at a final substrate con- 
centration of 0-2 mm and a pH of 4-5 in 0-15M acetate. 
Incubated at 37° for the time indicated. The substrates 
were the potassium salts of the sulphates of the steroids 
listed below, except in the case of cortisone sulphate which 
was the sodium salt. 

Percentage 
hydrolysis after 


1 hr. 17 hr. 


Steroid 
3a-Hydroxy-5«-androstan-17-one 0 1 
(Androsterone) 
38-Hydroxy-5«-androstan-17-one 26 96 
(epiAndrosterone) 
3a-Hydroxy-58-androstan-17-one 2 0 
38-Hydroxy-5f8-androstan-17-one 0 1 
38-Hydroxyandrost-5-ene-17-one 59 96 
(Dehydroepiandrosterone) 
178-Hydroxyandrost-4-ene-3-one 0 0 
(Testosterone) 
3a-Hydroxy-5«-pregnan-20-one 0 l 
38-Hydroxy-5a-pregnan-20-one 5 78 
3a-Hydroxy-58-pregnan-20-one 2 0 
38-Hydroxy-58-pregnan-20-one 0 ] 
38-Hydroxypregnan-5-ene-20-one 56 94 
(Pregnenolone) 
35-Hydroxycholest-5-ene* (Cholesterol) — 25 
Cortisone (21 sulphate) 2 33 


* This compound was used in suspension, not in solution, 
owing to its extreme insolubility. 


The optimum conditions for the hydrolysis of 
epiandrosterone sulphate and of pregnenolone 
sulphate were determined. In both cases the 
optimum pH was from 4-5 to 4-6 and the shape of 
the pH-activity curve was in neither case signifi- 
cantly different from that of DHAS; this was to be 
expected, since there is no change in the ionization 
of any of the substrates in the pH range involved. 
The optimum substrate concentration for epiandro- 
sterone sulphate was apparently considerably 
greater than 0-2 mm, outside the useful range of the 
method of assay. In the case of pregnenolone sul- 
phate the optimum substrate concentration was in 
the region 0-06—0-08 mm and above this concen- 
tration substrate inhibition occurred to a slight, 
but variable, extent. The appropriate curves are 
shown in Fig. 5, but that of pregnenolone sulphate 
must be regarded as provisional as, for a reason at 
present unknown, the recovery of pregnenolone 
sulphate was less constant than that of DHAS 
under identical conditions. This may be due in part 
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to the greater lability of pregnenolone sulphate in 
hot aqueous solution (Figs. 7, 8). 

It was not possible to determine the action of 
steroid sulphatase on non-steroid sulphates owing 
to the crude nature of the enzyme preparation 
available, but the preparation used in the above 
experiments would not hydrolyse at a detectable 
rate the sulphates of cyclohexanol, benzyl] alcohol, 
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Fig. 5. Effect of varying substrate concentrations on the 
hydrolysis of epiandrosterone sulphate, pregnenolone 
sulphate and cortisone sulphate by extracts of Patella. 
Conditions as in Fig. 3, except in the case of cortisone 
sulphate which was incubated for 17 hr. epiAndrosterone 
sulphate, @; pregnenolone sulphate, x; cortisone 
sulphate, A. 


or of dichlorophenoxyethanol, suggesting that 
steroid sulphatase was not a general alkyl sul- 
phatase. Although direct proof is not at present 
possible, it may be inferred from the electro- 
phoresis experiments described below that steroid 
sulphatase will not hydrolyse nitrocatechol sul- 
phate, nor presumably ary! sulphates in general. 
Hydrolysis of cortisone sulphate. The hydrolysis of 
cortisone-21l-sulphate by the enzyme preparation 
used above was very surprising in view of the other- 
wise high specificity of steroid sulphatase. It 
seemed not improbable that this hydrolysis was 
due, not to steroid sulphatase, but to some other 
sulphatase present in the preparation. This view is 
supported by the inhibition experiments reported in 
Table 2, and by the fact that the pH optimum for 
this hydrolysis is considerably higher than that for 
the hydrolysis of DHAS, being in the region of 
pH 5-3, as shown in Fig. 6. The affinity of the 
enzyme for cortisone sulphate is also rather low, 
as shown in Fig. 5. The evidence is therefore not 
inconsistent with the view that the hydrolysis of 
cortisone sulphate was due to an enzyme other 
than steroid sulphatase. Unfortunately the above 
results are all complicated by. the fact that the 
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time of hydrolysis required in the case of the 
cortisone sulphate experiments was 17 hr. (Table 3), 
as against 1 hr. in the case of DHAS, so that the 
differing effects of the various inhibitors in the two 
cases might be due, not to different enzymes being 
involved, but simply to the introduction of com- 
plicating effects by the prolonged incubation time. 
(See also the results of electrophoresis studies 
described below.) 
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Fig. 6. Effect of pH on the hydrolysis of cortisone sul- 
phate by extracts of Patella. Conditions as in Fig. 4 
except that incubation time was 17 hr. 


Non-enzymic hydrolysis of steroid sulphates. 
There appears to have been no systematic study of 
the rates of hydrolysis of steroid sulphates in 
aqueous solution, although it is generally held that 
DHAS is much more labile in hot solutions than 
the corresponding saturated compound (Munson, 
Gallagher & Koch, 1944). A few experiments on 
the non-enzymic hydrolysis of steroid sulphates 
were therefore carried out and the results are 
reported to allow comparison with the results of 
the enzyme experiments reported in Table 3. 

The results of these experiments are given in 
Figs. 7 and 8. In both cases the great lability of 
the 3-sulphates of the A°-unsaturated steroids was 
obvious. When the experiments reported in Fig. 8 
were repeated using 0-1N-HCl in place of H,SO,, 
the rate of hydrolysis of the sulphates was even 
greater, as would be expected. 

It should be noted that under the conditions used 
in the assay of steroid sulphatase the steroid sul- 
phates were completely stable, no significant 
hydrolysis occurring even after incubation for 
17 hr. in acetate buffer, pH 4-5, at 37°. 
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Fig. 7. Hydrolysis of steroid sulphates at pH 7 and 100°. 
Reaction mixture: 4 ml. 0-4 mm steroid sulphate and 
4 ml. 0-02m phosphate buffer, pH 7. DHAS, @; preg- 
nenolone sulphate, x; cholesteryl sulphate, A. The 
corresponding points for androsterone, epiandrosterone, 
38-hydroxy-5a-pregnan-20-one and 3f-hydroxy-5f- 
pregnan-20-one sulphates fall within the limits in- 
dicated by the vertical lines. 
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Fig. 8. Hydrolysis of steroid sulphates at pH 1 and 100°. 
Reaction mixture: 4 ml. 0-4mm steroid sulphate and 
4 ml. 0-2n-H,SO,. DHAS, @; pregnenolone sulphate, 
x; cholesteryl sulphate, A; androsterone sulphate, 
O; epiandrosterone sulphate, A; 5a-pregnanolone sul- 
phate, (]; 58-pregnanolone sulphate, . 


Paper electrophoresis 


Although the inhibition studies reported in 
Table 2 indicated that aryl sulphatase and steroid 
sulphatase were different enzymes, the possibility 
could not be discounted that the different responses 
to inhibitors might be due to a single enzyme 
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attacking two different substrates under different 
conditions. As the two enzymes closely followed 
one another through the usual fractionation pro- 
cedures, it was considered advisable to attempt the 
separation of the two enzymes by paper electro- 
phoresis. 

The results of a typical experiment are shown in 
Fig. 9. Although a complete separation of aryl 
sulphatase and steroid sulphatase was not achieved, 
the two enzymes separated to a sufficient extent to 
show their separate identity. The pattern shown in 
Fig. 9 was obtained in six consecutive experiments 
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Fig. 9. Paper electrophoresis of an extract of Patella. 
2 mg. stage 3, run 6 hr. at 500v on Whatman no. 100 
paper in 0-03M veronal buffer, pH 7-4. Paper cut into 
lem. strips and portions assayed with the following 
substrates. Nitrocatechol sulphate, @; DHAS, x; 
cortisone sulphate, A. 


and is quite outside any possible experimental 
error. In an attempt to decide whether the hydro- 
lysis of cortisone sulphate was due to steroid 
sulphatase, the enzyme responsible for this 
hydrolysis was also localized. As shown in Fig. 9, 
the hydrolysis of cortisone sulphate closely 
followed that of DHAS and no separation of the 
two activities was possible. This might be taken to 
indicate that only one enzyme is involved in the 
hydrolysis of cortisone sulphate and of DHAS, 
despite the data of Table 2. 

Fig. 9 also shows that there appeared to be two 
aryl sulphatases present in the preparation in- 
vestigated (stage 3), although once again no clear- 
cut separation was achieved. Attempts to bring 
about a further separation of the two aryl sul- 
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phatases by increasing the time of the run to 16 hr. 
were not successful, as the increased time of 
running apparently caused a considerable de- 
struction of the faster-moving enzyme, so that the 
relative amount of the slower component was 
greatly increased without a much greater separation 
of the two components being achieved. 


DISCUSSION 


The method described for the preparation of 
steroid sulphates is apparently a general one and is 
capable of giving good yields even on the 15 mg. 
scale. In this respect it is more convenient than 
those methods which use chlorosulphonic acid 
directly as the sulphating agent (Butenandt & 
Hofstetter, 1939; Grant & Glen, 1949; Holden, 
Levi & Bromley, 1949; Holden & Bromley, 1950), 
as the final product is more easily purified. The 
only steroid so far investigated which will not react 
with pyridine-SO, is oestrone, in which the 
hydroxyl group is phenolic in nature. 

The procedure described gives a considerable 
degree of purification of both steroid sulphatase 
and aryl sulphatase, and the final stage is a con- 
venient one for the further purification of these 
enzymes. It is obvious from the data shown in 
Table 2 and in Fig. 9 that aryl sulphatase and 
steroid sulphatase are different enzymes. The results 
of the investigation of aryl sulphatase are in agree- 
ment with those previously obtained by Dodgson 
& Spencer (1953) using a different method. The- 
behaviour of the aryl sulphatase activity on 
electrophoresis suggests that more than one such 
enzyme might be present in extracts of Patella. 
Kinetic studies gave no indication of this, but, as 
previously discussed (Roy, 1954a), this does not of 
necessity indicate that only one enzyme is present. 
Indeed, the very flat shape of the pH-activity 
curve (Fig. 1) might well indicate that more than 
one enzyme was present. Furthermore, Dodgson, 
Lewis & Spencer (1953) found that some 20% of 
the aryl sulphatase of Patella homogenates was 
insoluble in acetate buffer, pH 5-5: this might also 
indicate the presence of two enzymes, although 
this was not suggested by these workers. 

Regarding the results of the investigation of 
steroid sulphatase, the most important finding is 
undoubtedly the very high specificity of the 
enzyme. This specificity was unexpected, consider- 
ing the relatively low specificity requirements of 
the other sulphatases so far described. As shown by 
the results in Table 3, steroid sulphatase hydrolyses 
only the 3f8-sulphates of the 5« or A® series of 
steroids, those of the latter group being hydrolysed 
at a considerably greater rate than the former. 
These findings are in agreement with those of 
Savard et al. (1954), who found that the steroid 


48 A. B. ROY 


sulphatase of Otala punctata (a tropical terrestial 
gastropod) would hydrolyse DHAS, but not the 
sulphates of androsterone or testosterone. Further, 
steroid sulphatase does not appear to hydrolyse 
alkyl sulphates in general, so that the term ‘alkyl 
sulphatase’ used by Stitch & Halkerston (1953) to 
describe the enzyme present in extracts of Patella 
which hydrolyses DHAS, is a misnomer. The term 
alkyl sulphatase should be restricted to enzymes of 
the type described by Vlitos (1953) in Bacillus 
cereus mycoides which hydrolyses dichlorophenoxy- 
ethyl sulphate. It should be noted in this connexion 
that Soda (1936) has shown that molluscs ap- 
parently do not contain a general alky! sulphatase. 
It would seem that the enzyme hydrolysing DHAS 
is better described as 38-steroid sulphatase, as this 
indicates the specificity of the enzyme as known at 
present. 

The specificity of steroid sulphatase for the 
hydrolysis of the 3f8-sulphates of the 5« or A® 
steroids is of interest with regard to the conforma- 
tions of the substrates. The 38: 5« steroids are those 
in which the molecule attains its most planar form, 
the 38 substituent being in the equatorial, and 
therefore least hindered, position (Klyne, 1955). 
The other isomers have molecules which depart 
more or less extensively from the planar form. 
Unfortunately, the conformation of the A® steroids 
does not appear to be known. There is also a 
negative side-chain effect, as the nature of the 
substituent at position 17 does not appear signifi- 
cantly to influence the rates of hydrolysis of the 
various substrates. It is of interest that there is 
an exact parallelism between the ability of a 
3-sulphate to act as a substrate for steroid sul- 
phatase and the ease of precipitation of the corre- 
sponding hydroxy compound with digitonin 
(Haslam & Klyne, 1953). 

The hydrolysis of cortisone-2l-sulphate by 
extracts of Patella was very surprising in view of 
the otherwise high specificity of the enzyme. 
Savard et ai. (1954) have shown that extracts of 
Otala will also hydrolyse cortisone sulphate. The 
results can be explained on the assumption that 
cortisone sulphate is being hydrolysed, not by 
steroid sulphatase, but by some other enzyme 
Should 
a very 


present in the crude extracts available. 
this view be correct, it would seem that 
likely enzyme is glycosulphatase, which is present 
in small amounts in the preparations used (Roy, 
19546), as there is a close structural relationship 
between cortisone-21-sulphate and glucose-6-sul- 
phate, a normal substrate for glycosulphatase. 
This point can be decided only when a further 
purification of the enzymes involved has been 


achieved. 
The outstanding problem at present is therefore 
the complete separation of the various sulphatases 
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present in extracts of Patella, namely, aryl sul- 
phatase and steroid sulphatase along with con- 
siderably smaller amounts of glycosulphatase. 


Steroid sulphatase in the assay of 
urinary steroids 

The only specificity studies on steroid sulphatase 
previously reported are those of Savard et al. (1954) 
for the enzyme present in extracts of Otala punctata. 
Other workers have not studied the specificity of 
steroid sulphatases and have apparently assumed 
that, because they hydrolyse DHAS, they will 
hydrolyse all related steroid sulphates. The error 
of this assumption is clearly demonstrated by the 
results in Table 3. Despite the lack of information 
regarding the specificity of the enzymes involved, 
several groups of workers (Henry & Thevenet, 
1952; Stitch & Halkerston, 1953; Jayle & Beaulieu, 
1954) have recently claimed that the enzymic 
hydrolysis of urinary steroid conjugates is pre- 
ferable to acid hydrolysis, as the former causes 
much less destruction of the liberated steroids. 
That this decrease in destruction is more than 
counterbalanced by the incompleteness of the 
hydrolysis of the sulphates, due to the specificity of 
steroid sulphatase, appears not to have been con- 
sidered by these workers. For instance, Jayle & 
Beaulieu (1954) have recently claimed that there 
is present in normal urine a conjugated 17-keto- 
steroid which is neither a sulphate nor a glucuro- 
nide, basing this claim on the fact that the con- 
jugate is resistant to hydrolysis by the digestive 
juice of Helix pomatia which contains both - 
glucuronidase and steroid sulphatase (Henry et al. 
1952). From the present work, and from that of 
Savard et al. (1954), it would seem more reasonable 
to assume that this resistant conjugate is andro- 
sterone sulphate which is probably present in 
normal male urine (Venning, Hoffman & Browne, 
1942) and which is not hydrolysed by the steroid 
sulphatases of Patella or Otala. 

A further difficulty in the use of steroid sul- 
phatase in the hydrolysis of urinary sulphates is the 
inhibition of the enzyme by many of the ions 
present in urine (Table 2). The problem of inhibi- 
tion is a minor one, although the related problem of 
competing substrates, as yet uninvestigated, may 
be of importance. 

It would therefore seem that steroid sulphatase 
can be of little general use in the hydrolysis of 
urinary steroid sulphates owing to the high 
specificity of the enzyme. This does not detract from 
the value of steroid sulphatase in special cases and 
it seems that the enzyme may find its greatest use 
in the determination of the structure of isolated 
steroid sulphates. An example of such a use is 
given by the observation that ranol sulphate 
(Haslewood, 1952) is not hydrolysed by steroid 
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sulphatase, indicating that ranol sulphate is in all 
probability not a 3f-sulphate of a 5« or of a A® 
steroid. 


Biological implications 


The physiological significance of the very large 
amounts of sulphatases in molluscan tissues is 
obseure, but it must be remembered that at the 
normal body temperature of those animals the 
activity of these enzymes will be very much less 
than that determined under laboratory conditions, 
probably by a factor of ten or more. When this is 
taken into account it would seem that the aryl 
sulphatase activity of molluscan tissues cannot be 
much greater than that of mammalian tissues. In 
the case of steroid sulphatase and glycosulphatase, 
however, the interest lies in the fact that they have 
not so far been detected in the higher animals. 

Glycosulphatase, and the closely related chon- 
drosulphatase, could conceivably be involved in the 
digestion of the sulphated polysaccharides of the 
algae which form a large part of the diet of many 
marine molluses. Unfortunately, the completely 
herbivorous Patella vulgata is comparatively poor 
in glycosulphatase (Dodgson & Spencer, 1954). 
Steroid sulphatase would also appear to be a 
digestive enzyme, as it is present in the intestinal 
juices of Helix pomatia (Henry et al. 1952), but 
there seems to be no known steroid sulphate which 
is likely to be a normal constituent of the diet of 
either Helix or of molluscs in general. The problem 
of aryl sulphatase is equally obscure, as this enzyme 
is also a constituent of the intestinal juices of 
Helix and again no naturally occurring substrate 
seems to be known. 

Fish (1955) has recently shown that the intestinal 
juices of certain tropical molluscs contain very 
large amounts of SO,?- ions. It would be very 
interesting to determine whether these SO,?~ ions 
were produced in the gut through the action of the 
various sulphatases on the dietary constituents or 
whether they were actually secreted into the gut as 
such. Should the latter be the case, it would be 
very tempting to assume that SO,?- ions play 
some fundamental role in the metabolism of these 
animals. 


SUMMARY 


1. A method is described for the preparation of 
a highly active concentrate of steroid sulphatase 
from an acetone powder of Patella vulgata by pre- 
cipitation between 30 and 70% saturated ammo- 
nium sulphate and between 33 and 50% (v/v) 
acetone at — 9°. The concentrate also contains large 
amounts of aryl sulphatase. 
2. The properties of steroid sulphatase are 


described. It hydrolyses dehydroepiandrosterone 


sulphate at an optimum substrate concentration of 


4 
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0-2 mM and a pH optimum of 4-5 in acetate buffer. 
It is inhibited by Cl, SO,?- and H,PO, ions. 

3. Steroid sulphatase is a highly specific enzyme, 
hydrolysing only the 38-sulphates of the 5x and A® 
steroids, having no action on the other isomeric 
3-sulphates. The name 3-steroid sulphatase is 
suggested for the enzyme. 

4. Cortisone-21-sulphate is also hydrolysed by 
the enzyme preparation, but there is evidence to 
suggest that the enzyme responsible is not steroid 
sulphatase but another enzyme. It is postulated 
that this enzyme may be glycosulphatase. 

5. It was shown by electrophoresis that steroid 
sulphatase is distinct from aryl sulphatase, and 
that the latter enzyme probably consists of two 
components. 

6. The use of steroid sulphatase to hydrolyse 
urinary steroid sulphates before their assay is 
discussed. Various criticisms are levelled at the 
present tendency to use enzymic methods in the 
assay of urinary steroids. 


The author is deeply indebted to Dr W. Klyne who 
provided, either personally or from the M.R.C. Steroid 
Reference Collection, many of the steroids, without which 
it would have been impossible to undertake this work. He 
is also grateful to Professor G. F. Marrian, F.R.S., for his 
continued interest and advice, and for numerous gifts of 
steroids. Other steroids were kindly given by Professor 
G. A. D. Haslewood, Dr R. I. Dorfman, and Merck and Co. 
Inc., to all of whom the author wishes to express his thanks. 
The methylene blue chloride and sodium dichlorophenoxy- 
ethyl sulphate were generously given by Messrs I.C.I. Ltd. 
and Gemec Ltd. respectively. i 
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in the Presence of Cysteine, Cystine and Glutathione 
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Any claim that H atoms generated by ionizing 
radiations in aqueous solutions of biochemical 
substances are the active agent responsible for the 
radiation effects observed deserves special atten- 
tion, since oxidative reactions via OH and O,H 
radicals are by far more common. Such claims are 
of particular importance in the field of enzymes for 
which no example of such a mechanism was known 
until it was found that catalase was inactivated by 
H atoms produced by X-irradiation of an aqueous 
solution of the enzyme (Forssberg, 1947). This 
conclusion was based on the experimental observa- 
tion that cysteine, present in solutions of catalase 
during irradiation, did not protect the enzyme 
from inactivation, but on the contrary increased the 
inactivation. It was suggested that cysteine was 
scavenging the OH radicals, thus leaving the H 
atoms to act upon the enzyme. On the other 
hand, cystine was assumed to react with H atoms, 
because it protected the enzyme. A similar situa- 
tion obtained with reduced and oxidized gluta- 
thione. 

It was also found that keto acids and unsatur- 
ated acids such as pyruvic and fumaric acid pro- 
tected catalase, but that saturated acids, such as 
succinic acid, did not. 


Evidence against Forssberg’s conclusions was 


put forward by Sutton (1952) and Bella (1949). 
Sutton found that H atoms produced by means 
other than irradiation did not inactivate catalase, 
and that irradiation of the enzyme in an atmos- 
phere of oxygen was much more damaging than 
irradiation in an atmosphere of hydrogen. Bella 


irradiated pyruvic and lactic acid, and found that 
no lactic acid was produced from pyruvic acid, but 
that pyruvic acid was formed from lactic acid. 
Thus, the work of Sutton and Bella seemed to 
indicate that H atoms played no part in the in- 
activation of catalase by irradiation. 

It was therefore decided to re-investigate the 
original problem, that is, whether cysteine and 
glutathione decrease the radiation effect on the 
enzyme, i.e. protect, or whether, on the contrary, 
they increase this effect. Further, does cystine 


protect the enzyme? 


MATERIALS AND METHODS 


Crystalline catalase was prepared from ox liver by the 
method of Tauber & Petit (1952) and Tauber (1953). This 
was found to be the simplest and quickest method. The 
preparation was electrophoretically homogeneous and had 
Kat. F. 39000. 

Cysteine hydrochloride (British Drug Houses, Ltd.) was 
recrystallized and freed from iron by the method of 
Warburg (1927). 

Electrophoresis. The electrophoretic properties of the 
enzyme were studied by the technique of paper electro- 
phoresis, using barbitone-sodium barbitone buffer (pH 8:6, 
I=0-1). Paper strips (Whatman no. 1) 38 x7 cm. were 
used in a Shandon Vertical Electrophoresis tank (Shandon 
Scientific Co., Cromwell Place, London, S.W. 7). Catalase 
solutions (12:5 yl.; catalase content 2-2-4-5 mg./ml.) were 
applied at a spot 5 cm. from the centre line towards the ! 
cathode. Electrophoresis (150v, ca. 4v/cm.) was allowed to 
proceed at room temp. for about 20hr., during which 
catalase migrated towards the anode. The strips were air- | 
dried and developed with methyl orange—eosin Y in aqueous 
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acetone (Tauber, Vannier, Petit & Magnuson, 1953) 
followed by washing with very dilute H,SO, (1 drop cone. 
H,SO, in 11. water) at 60°. Catalase stained orange-red 
under these conditions. Cysteine, cystine, and glutathione 
did not stain. 

Chromatography. Chromatographic analysis was carried 
out using the method of Tauber eé al. (1953) in which the 
solvent is trisodium citrate—NaCl buffer brought to pH 6-0 
with 2N-HCl. To paper strips of 40 x7 cm. catalase was 
applied 3 cm. from the end dipped into the solvent. The 
solvent was allowed to ascend for 3-5hr., after which 
the papers were dried and stained as after the electro- 
phoresis.. 

Absorption spectroscopy. The absorption spectra of 
catalase and of haematin hydrochloride were examined in 
a Hilger Uvispek spectrophotometer, in the wavelength 
range 210-600my. The catalase concentration was 
0-445 mg./ml. and that of haematin hydrochloride 
0-010 mg./ml. Absorption was measured in 5mm. cells. 
The haematin hydrochloride (British Drug Houses, Ltd.) 
had Fe, 8-56%. It was dissolved in 0-06N-NaOH and 
diluted 40 times with m/15 sodium phosphate buffer, 
pH 7-4, i.e. the same buffer as used in the examination of 
catalase itself. 

Catalase assay. The procedure adopted for the assay of 
catalase activity was a combination of two methods 
described by Bonnichsen, Chance & Theorell (1947) in 
which (a) samples of reaction mixture (catalase + hydrogen 
peroxide) were added to sulphuric acid, and (b) acid was 
added to the entire reaction mixture, three separate 
reaction mixtures being necessary. The present method 
facilitated accurate control of the time for which the 
catalase was allowed to react with the hydrogen peroxide 
(as in method (6b) of Bonnichsen e¢ al.), and also enabled 
three estimations to be made using one reaction mixture 
(as in method (a) of Bonnichsen et al.). 

The assay was carried out as follows. Catalase solution 
(0-03 ml.) was pipetted on to a watch glass (17 mm. diam.). 
This was dropped at zero time into 25 ml. of H,O, (approx. 
0-005m in 0-01m sodium phosphate buffer, pH 7-4), con- 
tinuously stirred magnetically. Samples (2 ml.) were 
transferred from the reaction mixture at intervals of about 
15 sec. into three 50 ml. flasks where the reaction pro- 
ceeded until stopped at 20, 40 and 55 sec. respectively by 
the addition of 25 ml. 2% (w/v) H,SO,, containing titanium 
sulphate, from automatic pipettes. The important accurate 
timing of the short reaction periods of 20, 40 and 55 sec. 
was conveniently achieved by using a slave clock operated 
by electric impulses every second from a master clock. The 
same impulses were supplied to a condenser—loud-speaker 
system giving a series of crisp clicks. 

The tenth second before the desired stopping of the 
reaction was noted from the clock hand and the remaining 
second-intervals were counted in time with the clicks, thus 
avoiding observation of the clock diverting attention from 
the pipetting procedure. 

The hydrogen peroxide concentration was determined 
colorimetrically with a Hilger Spekker absorptiometer 
(4 cm. cells and filters Violet 601). A reference curve was 
constructed of optical density against H,O, concentration 
at 21-3°. It was necessary to refer all readings to this 
temperature, as the optical density of the H,O,-titanium 
complex was found to be very temperature-sensitive (see 
p. 54). 
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Irradiation. Three types of ionizing radiations were used: 
(1) y-rays from a Co source (approx. 350 r./min.); (2) high- 
energy electrons from a 4 Mev travelling-wave linear 
accelerator (Orthotron) (2 usec. pulse duration; 300 pulses/ 
sec.) ; dose rate equivalent to approx. 10° r./min.; (3) X-rays 
from a 350 kv Resomax X-ray tube (approx. 350-1400 r./ 
min.) (filter, 0-63 mm. Cu and 1 mm. Al). (Newton Victor 
Ltd., 132, Longacre, London, W.C. 2). 


RESULTS 
Electrophoresis 


After irradiation catalase gave not a single spot, 
but a streak, when subjected to electrophoresis. 
The length of the streak varied with the radiation 
dose, being shorter the greater the dose. The 
presence of cysteine or glutathione during irradia- 
tion decreased the effect of irradiation so that the 
electrophoretic pattern remained unaltered if the 
concentration of added substances was great 
enough for full protection. Fig. 1 shows the effect 
of 10%r. (electron beam) in air on a solution of 
catalase with or without cysteine hydrochloride. It 
can be seen from the controls that cysteine itself 
has no effect on the electrophoretic pattern and, 
from the irradiated solution, that it strongly 
protects catalase against destruction by the 
irradiation. Parallel measurement of the catalatic 
activity showed that it was decreased to 15% of 
the control value in the absence of cysteine, but 
only to 95% when cysteine was present. Fig. 2 
shows a similar behaviour in nitrogen. There is less 
destruction of the catalase (lower radiation dose), 
since the streak reaches the same point as the spot 
of unirradiated enzyme. Cysteine again protects 
strongly. 

Fig. 3 illustrates the effect of cystine on the 
electrophoretic behaviour of catalase irradiated in 
nitrogen. As can be seen, a streak is still produced, 
but its front reaches the same point as that of the 
unirradiated solution. Parallel activity estimates 
showed a decrease to 25% and to 64% of the 
control, in the absence and presence of cystine, 
respectively. 

The effect of glutathione is seen in Fig. 4. 
Catalase was irradiated with and without gluta- 
thione in nitrogen. There is very little difference in 
the patterns produced by irradiated and un- 
irradiated solutions of catalase containing gluta- 
thione, thus indicating strong protection. Parallel 
activity estimations showed a decrease to 25% of 
the control in the ease of catalase alone, and to only 
93 % when glutathione was present. 

The protection of catalase by cysteine is de- 
pendent on their relative concentrations (Fig. 5). 


Here the catalase concentration was 2-22 mg./ml. 
and the cysteine hydrochloride concentration 


varied as shown. The presence of a well-pronounced 
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spot in A indicates the strong protection afforded 
by cysteine at a concentration only one-twentieth 
of that in Fig. 2. In B there is still a faint spot 
(difficult to reproduce photographically) parallel to 
that in A, whereas in C, with the lowest concentra- 


tion of cysteine, no spot appears. The effect of 


decreasing the concentration of cysteine shows it- 


Catalase alone atalase +cysteine 


| 
| 
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self in the decreasing length of the streak. This 
further proves the dependence of protection upon 
the relative concentrations of catalase and cysteine 
as the variation in their proportions does not 
affect the electrophoretic behaviour of unirradiated 
catalase. It should be noted that the cysteine 
hydrochloride concentration in B (0-044 mg./ml.) is 
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(electron beam 1 min.). Air; catalase, 4-45 mg./ml.; cysteine HCl, 4-45 mg./ml. 


Electrophoresis: effect of 5 x 10°r. (electron beam 30sec.). Nitrogen; catalase, 4-45 mg./ml.; cysteine hydrochloride, 


Nitrogen; catalase, 2-22 mg./ml.; cystine, 


Nitrogen; catalase, 2-22 mg./ml.; glutathione, 
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catalase and the effect of irradiation, i.e. a marked 
rise in absorption at 275 muy., and a decrease in the 
Soret band at 405 muz., the ratio D4y;/D,,,; changing 
from 0-66 to 0-27. However, in the presence of 
cysteine this ratio became 0-62 and in the presence 
of glutathione, 0-66. Activity estimations showed 
that catalase activity was decreased to approx. 
2-7 % of the control when the catalase was irradi- 
ated alone, but only to 76% when cysteine was 
present. 

The pronounced drop in absorption at 405 mu. is 
indicative of damage to the haem group in catalase. 
The effect of irradiation on haematin hydrochloride 
is shown in Fig. 8. It can be seen that this sub- 
stance is quite sensitive to radiation and that the 
disappearance of the absorption at 390 muy. is not 
accompanied by any increase in absorption at 
other wavelengths. An interesting feature of the 
spectrum of irradiated haematin is the appearance 
of another peak at 350 mu. in addition to the one at 
390 mu. 

Activity measurements 

During colorimetric estimations of hydrogen 
peroxide it was found that the optical density of a 
solution of hydrogen peroxide-—titanium complex 
varied inversely with temperature. Fig. 9 shows 
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Fig. 9. Variation of optical density of H,O,~Ti,(SO,), 
complex with temperature. H,O, concentration, 10-5 peg./ 
ml. 4 em. cells. 


that over the range 18—32° the optical density falls 
by 0-01 for each 1° rise, a marked temperature 
effect. All readings were, therefore, corrected by 
this factor in measurements of catalatic activity. 
Activity was measured during experiments on 
electrophoretic and other properties, but in 


addition a particular study was made of the 
effects of irradiation on activity. The catalase 
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concentration was approx. 0-1 mg./ml., cysteine 
hydrochloride 0-5 mg./ml., glutathione 1 mg./ml. 
and cystine 0:05 mg./ml. This concentration of 
catalase was chosen so that the ‘rapid assay 
method’ described above could be used. The ratio 
cysteine: catalase of 5:1 (w/w) was the same as in 
Forssberg’s experiments. It was found that 
glutathione and cysteine markedly depressed the 
activity of catalase. The extent of the depression 
varied with the ratio of cysteine (glutathione) to 
catalase, with the time of contact between these 
and with the pH of the solution. 

Ratio of SH compound to catalase. As shown in 
Fig. 10, the higher the ratio of cysteine to catalase, 
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Fig. 10. Effect of concentration on depression of catalatic 
activity by cysteine hydrochloride (O) and glutathione 
(x). Catalase, 0-112 mg./ml. Substances in contact for 
35 min. in air before estimation of activity. 


the lower is the catalatic activity. At a ratio 5:1 
(w/w) the activity was depressed to approx. 50% 
(after contact for 35 min.). This holds whether the 
solution contains oxygen or not. The effect of 
glutathione is less marked, 50% activity being 
reached at a ratio of 15:1 (w/w), i.e. the depressing 
effect of cysteine and glutathione appears to 
depend on their sulphydry] content. 
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Time of contact of SH compound with catalase. 
Fig. 11 illustrates the effect of the time of contact 
between catalase and cysteine and catalase and 
glutathione on the subsequent catalatic activity. 
The depression at first increases rapidly with time, 
50 % activity being left after 40 min., but then the 
curve flattens out. It seems that the formation of 
the inactive complex is more rapid with cysteine 
than with glutathione, but that they are equally 
inhibitory after about 40 min. 
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make allowance for this effect when calculating the 
radiation effect on the enzymic activity in experi- 
ments with catalase solutions containing these 
substances. This was done by using a formula 
derived as follows: 

Let H=enzyme activity, unirradiated. 
E,=enzyme activity, irradiated. 
U=enzyme activity in presence of cysteine, 

ete., unirradiated. 
I=enzyme activity in presence of cysteine, 
etc., irradiated. 


100, 
90 D=depression in activity caused by cys- 
teine, etc. 

80 Then D=E-U. 
>70 The fraction of activity left after irradiation of the 
> enzyme alone is hs 6 
6 60 E,/E. 
o 
2 59 The fraction of activity left after irradiation of the 
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Fig. 11. Effect of time on depression of catalatic activity 
by eysteine hydrochloride (x) and glutathione (O). 
Catalase, 0-112 mg./ml.; cysteine hydrochloride, 0-56 mg./ 
ml.; glutathione, 1-69 mg./ml. Air. 


Effect of pH. At present, preliminary work 
suggests that the depression of activity of catalase 
noted above is pH sensitive, decreasing with 
decreasing pH. All the experiments described in 
this communication were carried out at pH 7-4 
(0-066M sodium phosphate buffer). 

Cystine had little effect on catalase activity. At 
the ratio 0-4:1 (w/w), catalase activity was 
depressed to about 88% of the control after con- 
tact for 40min. Similarly, at the same ratio 
cysteine depressed catalatic activity to about 
78% (see Fig. 10). 

The fact that cysteine and glutathione themselves 
depressed catalatic activity made it necessary to 


enzyme in the presence of cysteine, etc., is 
(1+ D)/(U+ D)=(1+ E-U)/E. 


Therefore, the effect of the added substances may 
be represented as 


ae oe. 


= Q. 
E E E, 


If Q>1, there is protection. If Q<1, there is 
increased inactivation. In the present work, Q was 
never <1. Typical experimental values for the 
calculation of Q are given in Table 1. Very large 
destruction of the enzyme outweighs the depressive 
effect of the added substances. Hence, protection is 
evident even without correction in this case. It 
will be noted that J/H, which does not take the 
depression into account, would lead to the result of 
an increased inactivation in the case of cysteine 
and glutathione. 

In the derivation of the formula for Q it has been 
assumed that the depression of the activity caused 
by cysteine ete. is not affected by irradiation. This 
is very probably so, as only a slight oxidation 
of cysteine and glutathione would be caused by 
irradiation with 12500r. (Rotheram, Todd & 
Whitcher, 1951). However, there is a small 


Table 1. Effect of radiation on catalatic activity 


Catalase, 0-11 mg./ml. Cysteine hydrochloride, (a) 0-56 mg./ml.; (b) 0-06 mg./ml. Cystine, 0-05 mg./ml. Glutathione, 
1-12 mg./ml. X-ray dose, 12-5 x 10° r. (approx. 40 min.). Nitrogen. Activity constant k, calculated according to Bonnich- 


sen, Chance & Theorell (1947). 10-7 k, 10-7 ky 
unirrad. irrad. E,/E I/E Q 
Catalase 1-80 1-07 0-59 ~ 
Catalase + cysteine (a) 1-18 0-81 — 0-45 1-34 
Catalase + cysteine (b) 1-65 1-15 — 0-64 1-23 
Catalase + cystine 1-64 1-08 — 0-60 1-16 
Catalase + glutathione 1-23 0-92 — 0-51 1-39 
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amount of hydrogen sulphide formed (Dale & 
Davies, 1951) which will have a further depressing 
effect on catalase. It has in fact been found that 
the activity of catalase solutions containing air and 
irradiated in the presence of cysteine may be 
increased, if the hydrogen sulphide is removed 
before assay. Application of a further correction 
for this inhibition would increase the value of Q by 
about 10%. 


DISCUSSION 


Barron & Flood (1952) have shown that the Soret 
band produced by the haem group of ferrocyto- 
chrome ¢ is decreased by X-radiation and sug- 
gested that this was due to oxidation of the double 
bond of the pyrrole groups. Dr H. C. Sutton 
(personal communication) has independently con- 
firmed the finding (Dale & Russell, 1955) of an 
increase in absorption at 275 my. and a decrease at 
405 mp. in the spectrum of irradiated catalase. 
Dr Sutton believes, and we agree, that the decrease 
at 405 mu. is the important radiation effect, as the 
absorption at 275mp. may be increased by a 
number of reagents and is not directly related to 
inactivation of the enzyme. It will be noted that 
cysteine and glutathione almost completely prevent 
the decrease in the Soret band, i.e. protect that 
part which is the active centre of catalase. 

Catalase may be inhibited by a number of com- 
pounds, including hydrogen sulphide, which com- 
bine with the haem group (Keilin & Hartree, 
1951). The work reported here suggests that 
cysteine and glutathione inhibit catalase by virtue 
of their sulphydryl content, and that inactive 
complexes are formed between catalase and these 
substances. The relationship between inactivation 
and the time of contact of the enzyme and the in- 
hibitor seen in Fig. 1 indicates a comparatively 
slow rate of formation of this complex. Inhibition 
of catalase by cysteine has been previously noticed 
by Stern (1932), Waldschmidt-Leitz, Scharikova & 
Schaffner (1933) and Boeri & Bonnichsen (1952). 
The last-named found that catalase could bring 
about the oxidation of cysteine in the presence, but 
not in the absence, of oxygen. Oxidation proceeded 
best when the ratio of cysteine to catalase was low. 
This, combined with the fact that the inhibition 
noted in the present paper occurred in nitrogen as 
well as in air, indicates that the inhibitory mech- 
anism is not linked to any inactivation of catalase 
during its action upon cysteine, in contrast to the 
inactivation of catalase during its action on hydro- 
gen peroxide (Bonnichsen et al. 1947)). Dr R. K. 
Bonnichsen (personal communication) says that an 
inactive complex is probably formed, and that gluta- 
thione and thioglycollic acid inhibit catalase. Work 
in this laboratory (Dale & Davies, unpublished) 
has shown that thiourea is also inhibitory. 
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The electrophoretic properties of proteins before 
and after irradiation have been studied by Kepp & 
Michel (1953), using serum albumin and globulin. 
They found that irradiation markedly affected the 
electrophoretic pattern and that cysteine prevented 
this change, i.e. protected the protein from the 
effects of irradiation. The fact that glutathione 
protects various enzymes against inactivation by 
irradiation has also been known for some time 
(Barron & Flood, 1952). Thus the present findings 
that cysteine and glutathione are protective sub- 
stances is in accord with the general evidence 
available. 

The results of Forssberg (1947), that cysteine 
and glutathione increased the radiation effect on 
catalase, led him to believe that H atoms were the 
active agents reponsible for the inactivation. It has 
been shown in the present paper that these sub- 
stances do not increase the radiation effect on 
catalase, but on the contrary always protect 
against radiation. There is, therefore, no reason to 
assume that H atoms are the inactivating agents. 
The probable mechanism of protection, as with 
other enzymes, is the competition of catalase with 
cysteine, glutathione and also cystine for oxidizing 
radicals (Rotheram et al. 1951). 


SUMMARY 


1. Catalase has been irradiated with X-rays, 
y-rays and electrons from a linear accelerator and 
the effects on the activity, electrophoretic and 
chromatographic behaviour and the ultraviolet 
spectrum of the enzyme were examined. 

2. It has been found that irradiation causes a 
profound change in these properties, but that these 
changes are decreased by the presence of cysteine, 
cystine and glutathione during irradiation. 

3. In the estimation of the catalatic activity in 
the presence of these substances allowance must be 
made for the depressive effect they have on the 
enzymic activity. Some aspects of this depression 
have been investigated. 


We are indebted to Messrs C. W. Miller, G. Saxon and 
F. Harlen of Metropolitan-Vickers Electrical Co. Ltd. for 
kindly extending to us the facilities of their Department 
and carrying out the irradiations with the 4-Mev travelling- 
wave linear accelerator. 
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The Oxygen Uptake, Glucose Utilization and Lactic Acid Production 
of Guinea-pig Skin in Relation to Oxygen Tension 


By C. N. D. CRUICKSHANK anp M. D. TROTTER 
Medical Research Council Unit for Research on the Experimental Pathology of the Skin, 
The Medical School, University of Birmingham 


(Received 13 June 1955) 


In spite of the many disorders of unknown aetio- 
logy to which the skin is subject, and which may 
be possibly caused by metabolic abnormalities, 
accounts of the metabolic activity of skin in vitro 
are relatively scanty as compared with those of 
internal organs or tumours. Among these reports 
are the investigations of Peters & Wakelin (1946) 
and Peters, Sinclair & Thompson (1946) leading to 
the development of 2:3-dimercaptopropanol (BAL), 
the work of Dixon & Needham (1946) providing 
evidence in favour of the enzyme theory of vesica- 
tion, that of Barron, Meyer & Miller (1948) and of 
Thompson (1946) on the metabolism of skin and 
the effect of vesicani agents, the work of Berenblum, 
Chain & Heatley (1940) on the metabolism of skin 
and neoplastic tissue, that of Bullough & Johnson 
(1951) on respiration and mitotic activity, and that 
of Griesemer & Gould (1954) on the citric acid 
cycle in epidermal tissues. 

Medawar (1948) first demonstrated that skin 
slices could be maintained in vitro for several days, 
and in a previous paper (Cruickshank, 1954) a 
differential micro-respirometer was described for 
making continuous observations of the oxygen 
uptake of skin slices under similar conditions of 
cultivation. Some of the factors affecting the 
respiration of skin slices were discussed in that 
study. The present work is concerned with the 
metabolism of glucose by skin under conditions of 
tissue culture and thus differs from previous 
reports in that serum was present in the medium 
and that observations were made over periods of 
24 hr. as well as for the usual short initial periods of 
up to 5hr. In earlier experiments it had been 


shown that the tension affected the 


oxygen 


respiratory rate, and it seemed desirable to estab- 
lish the role of oxygen tension in the survival of 


skin in vitro, and to determine its effect upon 
glucose consumption and upon lactic acid pro- 
duction. 


MATERIALS AND METHODS 


The respirometer consists essentially of two chambers in 
a nickel-plated brass block which are connected by a 
graduated capillary containing an indicator droplet. 
A special tap permits the addition of any desired gas 
mixture to the chambers by means of metal tubes pfo- 
jecting above the level of the water bath. This tap was 
slightly modified for the present experiments by increasing 
the size of the Perspex base-plate which was cut in the 
form of a circle. This was done to permit observations at 
gas pressures greater than atmospheric without leakage. 

The skin slices float on the surface of a culture medium 
in a glass cup in one of the chambers, a cup containing 
only medium being placed in the control chamber. CO, is 
absorbed by filter paper soaked with 2% KOH in the floor 
of each chamber. 

The medium consisted of serum 5 parts, Krebs—Ringer 
phosphate 3 parts, 5% glucose 1 part and streptomycin 
500 ug./ml. 1 part. Amounts of 0-5-0-7 ml. were accurately 
measured into each cup and the utilization of glucose and 
the production of lactic acid were measured by comparing 
the final concentrations of these substances in the ‘culture’ 
and ‘control’ cups. 

Glucose was estimated by the method of King, Hasle- 
wood & Delory (19374). Portions of 0-2 ml. of medium were 
diluted to volume with isotonic sodium sulphate and 
deproteinized by precipitation with copper tungstate 
(King et al. 19375). 

Lactic acid was estimated by the method of Barker & 
Summerson (1941) as adapted for blood analysis (Hawk, 
Oser & Summerson, 1947). 

Skin was obtained from the shaved guinea-pig ear. This 
was prepared the previous day and anointed with a fungi- 
cide, ‘Mycostatin’, to prevent the occasional contamination 
of 24 hr. cultures with a mould frequently found on guinea- 
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pig skin. The skin was cut free-hand with a stropped scalpel 
into thin slices consisting mainly of epidermis with only 
a fine supporting framework of dermis. Adult guinea pigs 
of about 800g. were used. Each guinea pig provided 
enough skin for six respirometers—about 10 mg. being put 
in each. The skin from young guinea pigs showed respira- 


tion rates which were up to 20% higher than those of 


adults. All observations were expressed per mg. initial wet 
weight of skin per hour. 


RESULTS 
Effects of oxygen tension on oxygen uptake 

The oxygen uptake of skin in relation to the 
oxygen tensions at which observations are made is 
shown in Table 1. These values represent mean 
rates based on readings at 15 min. intervals during 
(a) the first 5 hr. and (b) between 21 and 24 hr. It 
will be seen that in 0-05 atm. oxygen the rate is 
low, while maximum respiration during the first 
5hr. occurs in 0-75atm. Increase of oxygen 
tension up to 1-5 atm. produces no further increase 
in respiratory rate. The mean rate in air (0-2 atm.) 
is 1-05 pl./mg./hr. and in oxygen 1-27 pl./mg./hr.— 
a difference of about 20%. 

The respiratory rates obtained after 21—24 hr. 
exposure to these oxygen tensions show a some- 
what different relationship. The low rates at 
oxygen tensions than that of air still 
observed, and maximal respiration is obtained at 
0-5—-0-75 atm. oxygen. The rate in pure oxygen is 
lower than that in 0-75atm. by 0-15 pl./mg./hr. 
A comparison of the mean rates in oxygen and the 
rate obtained by combining observations at 0-5 and 
0-75 atm. shows this difference to be statistically 
significant (P>0-01). At 1l-5atm. oxygen a 
striking reduction occurs after 24 hr., the respiration 
being 0-38 pl./mg./hr. as compared with 1-00 pl./ 


less are 


Table 1. 


1956 


mg./hr. in oxygen ¢ mospheric pressure and with 
mg./hr. in oxygen at atmospheric pr re and witl 


1-32 pl./mg./hr. after only 5hr. exposure to 
1-5atm. oxygen. After exposure for 24hr. to 


1-5 atm. oxygen the skin slices were histologically 
abnormal, many cells being necrotic. Exposure to 
air at 1-5 atm. pressure caused no harmful effects. 
It will be noted that the respiration rates after 
24 hr. at 0-5 and 0-75 atm. oxygen are only some 
10 % less than the initial rates. This small reduction 
can be avoided by using less skin per unit volume of 
medium; but the amounts of tissue used in this 
study were rather large in order to increase the 
accuracy of the chemical estimations. 

All of the skin cultures maintained at 0-05 atm. 
oxygen, and most of those in 0-l atm. oxygen 
showed histological abnormalities which may be 
reasonably attributed to anoxia. The greatly 
reduced respiration obtained at these tensions 
suggests inadequate penetration of oxygen to the 
skin cells. These observations indicate that for the 
slice thickness used, the minimal oxygen tension is 
between 0-1 and 0-2 atm. Measurement of several 
slices from several experiments by means of a 
recording micrometer showed that the slices were 
between 0-1 and 0-2 mm. thick. The theoretical 
limiting thickness of tissue slices is usually based 
upon Warburg’s formula (Warburg, 1923): 


d= /(8CO x D/A), 


where d=limiting thickness (mm.), CO=oxygen 
tension in atm.; D= diffusion constant (1-98 x 10-, 
Carlson, 1911); A=rate of oxygen consumption 
(ml./min./ml. of tissue). But, since oxygen diffu- 
sion through the keratin surface of skin is probably 
negligible, the effective surface area is reduced 
approximately by half and consequently the thick- 
ness must be similarly reduced. Table 2 shows the 


Effect of oxygen tension on the respiration of skin slices 


Results are based on 12-20 experiments at each oxygen tension. 


0-5 hr. 21-24 hr. 
Oxygen Mean Mean 
tension respiration S.E. of Successive respiration S.E. of Successive 
(atm.) (yl./mg./hr.) mean difference (pl./mg./hr.) mean difference 
0-00 0-00 - 0-00 - — 
0-05 0-37 0-02 er 0-38 + 0-06 . 
0-10 0-84 0-09 . np 0-79 0-08 — 
0-20 1-05 0-04 O17 0-90 0-03 0-96 
0-50 1-22 + 0-04 1-16 + 0-03 _0.01# 
oe a6 © +0-10 - = -0-01 
0-75 1-33 +0-03 < 1-15 +0-07 ne 
~ 2 — 0-05 - —0-15 
1-00 1-27 +0-07 4.0-05* 1-00 £ 0-05 _ 0-62 
1-50 1-32 +005 Tene 0-38 +0-10 - 


* These differences fail to reach conventional levels of significance (P <0-05). All other differences listed are ‘significant’. 


Table 2. Theoretical limiting slice thickness 


For method of calculation, see text. 


Oxygen tension (atm.) ... 0 0-05 0-1 0-2 0-5 0-75 1-0 1-5 
Limiting skin thickness (mm.) = 0-10 0-14 0-19 0-30 0-37 0-43 0-52 


| 
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theoretical limiting thickness for skin slices based 
upon these considerations. The respiratory rate in 
0-75 atm. oxygen was taken as being the highest 
obtainable. On this basis the limiting thickness in 
air is 0-19 mm. and in 0-1 atm. oxygen 0-14 mm. 
This corresponds with the experimental findings. 


Effects of oxygen tension on glucose 
utilization and lactic acid production 


As observations of glucose utilization were made 
by measuring the total consumption and dividing 
by the number of hours, figures are available for 
the periods of 0-5 hr. and for the period of 0—24 hr. 
The rates of glucose utilization (0-5 hr.) at the 
various oxygen tensions are shown in Table 3a. It 
will be seen that there is a decline in glucose utiliza- 
tion from 10-0 yg./mg./hr. at 0-05 atm. to 6-3 yg./ 
mg./hr. at 1-5 atm., and also that the rate of utili- 
zation in nitrogen is slightly, but insignificantly, 
lower than that at 0-05 atm. oxygen. It is likely 
that this is due to diminishing viability of the 
tissues, since a few determinations of the glucose 
utilization of skin in nitrogen over 3 hr. gave values 
of 12-14 pg./mg./hr. The rates of glucose utilization 
measured over 24 hr. are much lower (Table 35), 
being approximately one-half of those measured 
over 5 hr. The decline of glucose utilization with 
increasing oxygen tension is still present. 

The rates of lactic acid production at the various 
oxygen tensions are also shown in Table 3. In both 
5 and 24 hr. experiments the lactic acid production 
decreases as the oxygen tension of the gas phase is 
increased. As with glucose utilization and, pre- 
sumably for a similar reason, the lactic acid pro- 
duction in nitrogen is slightly lower than in 0-05 
atm. of oxygen, and the rates as measured in 
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24 hr. experiments only about half of those in the 
5 hr. experiments. 

As the observations on oxygen uptake, glucose 
utilization and lactic acid production were made on 
the same portions of skin, it is possible to compare 
their inter-relationship quantitatively. Such a 
comparison involves consideration of the respir- 
atory quotient. The design of the apparatus pre- 
cluded the addition of acid without opening the 
chambers to the atmosphere. It was thus necessary 
to measure the oxygen uptake in the manner 
previously described, and the carbon dioxide out- 
put indirectly by omitting the potassium hydroxide 
from the chambers and making observations in an 
atmosphere containing 5% CO,. Since serum was 
included in the medium, it was found necessary to 
allow it to equilibrate with 5% CO, in oxygen 
overnight. The respiratory quotient was found to 
be 0-97 +0-03 and, consequently, in the following 
calculations it was assumed that oxygen was con- 
sumed entirely in the oxidation of glucose to 
carbon dioxide. Since 1 yl. of oxygen is used in the 
complete oxidation of 1-34yg. of glucose, the 
‘theoretical’ rate of lactic acid production can be 
calculated from the difference between the glucose 
actually used and that corresponding to the oxygen 
used. For measurements over 24 hr. the mean of 
the respiratory rates obtained at O0-5hr. and 
0Q—24 hr. were used in order to estimate the amount 
of glucose fully oxidized. This is valid, where the 
difference between the two rates is slight. Where 
a large drop occurred, as in 1-5 atm. oxygen, the 
comparison was not made. 

The calculated amount of glucose 
increases with increasing oxygen tension (Table 3); 
this follows from the previous determination of the 


oxidized 


Table 3. Effect of oxygen tension on glucose metabolism 


Oxygen Glucose Glucose Lactic acid Lactic acid Glucose un- 

tension utilized oxidized % Glucose theoretical found accounted for No. of 
(atm.) (ug./mg./hr.) (ug./mg./hr.) oxidized (g./mg./hr.) (wg./mg./hr.) (ug./mg./hr.) expts. 

(a) 0-5 hr. experiments 
0 9-8 0 0 9-8 6-5 3-3 6 
0-05 10-0 0-8 8 9-2 7-4 1-8 6 
0-10 9-8 1-1 11 8-7 7-0 1-7 6 
0-20 9-4 1-5 16 7-9 6-2 1-7 6 
0-50 8-4 1-8 22 6-6 3-1 3-5 6 
0-75 8-6 1-9 22 6-7 2-9 3-8 6 
1-00 6-4 1-8 28 4-5 3-0 1-5 6 
1-50 6-3 1-7 27 4-6 3-5 1-1 6 
(6) 0-24 hr. experiments 

0 4:3 0 0 4:3 3-3 1-0 13* 
0-05 4-6 0-6 13 4-0 3-0 1-0 13* 
0-10 4-5 1-1 23 3-4 2-6 0-8 16* 
0-20 4:3 1-3 30 3-0 23 0-7 20+ 
0-50 4-0 1-6 40 2-4 1-8 0-6 197 
0-75 4-0 1-7 43 2-3 1-8 0-5 16* 
1-00 3-7 1-5 41 2-2 2-0 0-2 257 
1-50 3-2 1-1 40 — —- —- 8 


* Estimations of lactic acid on six experiments only. 


} Estimations of lactic acid on nine experiments only. 





60 C. N. D. CRUICKSHANK AND M. D. TROTTER 1956 
relations between oxygen tension and respiration. been confirmed. Bullough, using mouse-ear 


The percentage of glucose oxidized also increases. 
Comparison of the observed lactic acid production 
with the amounts theoretically expected shows a 
discrepancy at all oxygen tensions during the first 
5 hr. This difference, amounting approximately to 
10-30 %, does not appear to be affected by oxygen 
tension. 

In the 24hr. experiments there is also a dis- 
crepancy between the ‘observed’ and ‘theoretical’ 
lactic acid production. But in this series of experi- 
ments, the amount of glucose unaccounted for 
becomes smaller as the oxygen tension is increased 
(Table 3). 

DISCUSSION 


The values which we have observed for the Qo, of 


guinea-pig-ear skin are considerably higher than 
those reported for other mammals. Since the 
average wet/dry weight ratio of the skin is 3-5/1 our 
figure of 1-27 yl./mg. (wet)/hr. in oxygen represents 
a value of about 4-5 ,yl./mg. (dry)/hr. No infor- 
mation concerning guinea-pig skin has been en- 
countered in the literature, but the values for adult 
human skin have been given as_ 1-5-2 l./mg. 
(dry)/hr. (Barron et al. 1948; Wohlgemuth & 
Klopstock, 1926). Rat skin is stated to respire at 
about 1 pl./mg. (dry)/hr. (Barron et al. 1948) and 
mouse at between 1 and 2yzl./mg. (dry)/hr. 
(Bullough & Johnson, 1951). Our values are thus 
some three to four times greater than those re- 
ported. The inclusion of serum in the medium does 
not account for this discrepancy. Observations in 
glucose-saline give figures for the Qo, only slightly 
lower—at least in the initial 5 hr. period. It is 
likely that the explanation lies in the nature of the 
skin slices. Guinea-pig ear has a thick cellular 
epidermis which may be obtained by free-hand 
free from dermis. Current 


slicing relatively 


studies on the skin and separated epidermis of 


guinea pig and other mammals confirm this view. 

As well as being composed mainly of epidermis, 
the skin slices are also exceedingly thin and, because 
of this, adequate penetration of oxygen to the cell 
is ensured. Calculations based on Warburg’s 
formula for limiting slice thickness indicate that, 
assuming that no oxygen diffusion occurs through 
the keratin layer, the upper limit of thickness to 
ensure maximal respiration in pure oxygen is 
0-4mm. and in air 0-2 mm. This postulate is in 
agreement with the experimental results in that 
signs of anoxia are present when oxygen tension is 
reduced below that of air with skin slices of 0-1 
0-2 mm. thickness, and at these oxygen tensions 
respiratory rates are very low. Barron et al. (1948) 
used slices of 0-7 mm. thickness in oxygen. 

The finding that oxygen tension affects the 
respiratory rate (Bullough & Johnson, 1951) has 


shavings, showed a fairly steady increase, as 
oxygen tension was raised from that of air to pure 
oxygen, the total increase over the range being 
55%. With guinea-pig-ear slices the increase over 
the same range was 20%. Maximal respiration 
occurred in 75 % oxygen and the even higher oxygen 
tensions of pure oxygen and 1-5atm. oxygen 
caused no marked variation in short-term experi- 
ments. It is possible that the slight differences in 
the observations were due to the thickness of the 
slice used. The difficulty of distinguishing any true 
stimulating effects from those due to increased 
availability of oxygen is clear. 

Our experiments have demonstrated the sus- 
ceptibility of the skin to oxygen poisoning. 
Dickens (1946) has observed oxygen poisoning in 
vitro in brain and liver slices, and to a lesser extent 
in lung and muscle. As our methods differed con- 
siderably from those used by Dickens, it is not at 
present possible to compare the relative suscepti- 
bility of skin to that of the other tissues in which 
this phenomenon has previously been shown to 
occur. Nevertheless, a pronounced fall in respira- 
tion occurred after exposure for 24 hr. to 1-5 atm, 
oxygen and after this time histological examination 
showed great abnormality. There is also some sug- 
gestion from our results that even 1 atm. oxygen 
may be harmful to skin cultures over a period of 
24hr.; at this time there is undoubtedly some 
depression of respiration, but histologically the skin 
appears healthy, and consequently any effect must 
be slight. 

From observations based on nucleic acid phos- 
phorus instead of wet or dry weights, Berenblum 
et al. (1940) state that skin is a tissue with a high 
rate of glycolysis and with a low R.q. While 
agreeing with the former observation, we have 
found a value for the R.q. of 0-97 + 0-03. This value, 
however, may be slightly high, since no account 
was taken of the possible liberation of carbon 
dioxide from serum bicarbonate due to the produc- 
tion of lactic acid, but, as no pH change was 
observed in the short period of the experiment, the 
error should be small. 

Even under conditions of high oxygen tension 
skin maintains a high rate of glycolysis. In 5 hr. 
experiments we have found the total glucose 
utilization in oxygen to be 6-4yg./mg./hr., of 
which 3 yg. are converted into lactic acid. Under 
relatively anaerobic conditions the glucose utiliza- 
tion was considerably higher (10 »g./mg./hr.), and 
this was accompanied by a corresponding increase 
in glycolysis as measured in terms of lactic acid 
production (7 pg./mg./hr.). The suppression of 
glycolysis by oxygen is an example of the Pasteur 
effect, a phenomenon discussed by Dixon (1937) 
and described more recently in kidney slices by 
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Stevenson & Smith (1948) and in bone marrow by 
Warren (1942). The Pasteur effect was demon- 
strable also in our 24 hr. experiments. The rates of 
glucose utilization and lactic acid production were, 
however, much lower when measured over 24 hr. as 
compared with 5 hr. This implies that glycolysis 
falls off rapidly with time, approximately half the 
total glucose utilization and lactic acid production 
occurring in the first 5 hr., and the remainder over 
the next 19hr. The reduction of the respiration 
rate over the same period is only about 10%. 
Several. possible explanations of this may be 
offered, but at this stage speculation seems hardly 
justified. 

When the amount of lactic acid produced and the 
amount of glucose oxidized (as calculated from the 
Qo,) are deducted from the amount of glucose used 
there remains a gap of ‘glucose unaccounted’. This 
may be due in part to synthetic processes. Wohnlich 
(1949) showed that glycogen could be formed by 
skin in the presence of lactic acid. The discrepancy 
might also be due to the relative diffusion rates of 
glucose into, and lactic acid from, the cell. If the 
former exceeded the latter, analysis of the medium 
would show a relative deficiency of lactic acid. The 
greater discrepancy in the short-term experiments 
adds some weight to this possibility. However, the 
fact that in the 24hr. experiments there is a 
significant reduction of the amount of ‘glucose 
unaccounted’, as oxygen tension rises, suggests a 
third possibility—that metabolites of glucose other 
than lactic acid may be produced especially at 
lower oxygen tensions. 


SUMMARY 


1. The oxygen uptake, total glucose utilization 

and lactic acid production of guinea-pig-ear skin 
have been determined at oxygen tensions varying 
from 0 to 1-5 atm. Observations were made over 
5 hr. and over 24 hr. 
2. The oxygen uptake has been shown to be 
greater at the higher oxygen tensions. Oxygen 
poisoning occurred when skin was exposed to 
1-5 atm. pressure of oxygen for 24 hr. Exposure to 
pure oxygen for this period caused a greater fall 
in respiration than exposure to 0-5 or 0-75 atm. 
oxygen. 

3. The thickness of skin slices in relation to 
It is sug- 


oxygen tension has been investigated. 
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gested that the limiting thickness for skin slices in 
air is 0-2 mm. and in oxygen 0-4 mm. 

4. Glucose utilization and lactic acid production 
are reduced as oxygen tension is increased, but 
even under high oxygen tensions glycolysis persists. 

5. Glucose utilization and lactic acid production 
are high when measured over 5 hr. but low when 
measured over 24 hr. 

6. Comparison of the lactic acid production and 
the amounts of glucose necessary to account for 
this and for the uptake of the observed amounts of 
oxygen indicate that a proportion of glucose is 
unaccounted for. In 24 hr. experiments this dis- 
crepancy decreases as oxygen tension increases. 


We are indebted to Professor J. R. Squire for his interest 
and advice, and to Mr J. R. Cooper, F.1.M.L.T., and Miss J. 
Robertson for their technical assistance. 
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Estimation of Pseudocholinesterase Activity in Rat Brain 
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(Received 7 July 1955) 


The generally accepted method of estimating 
‘pseudo’- or butyryl-cholinesterase activity con- 
sists in measuring the rate of hydrolysis of one of 
the ‘specific’ substrates for this enzyme (Mendel, 
Mundell & Rudney, 1943), the most commonly 
used being benzoyl- and butyryl-choline. How- 
ever, such specificity as the enzyme possesses is 
relative rather than absolute, for the two esters are 
hydrolysed also by acetylcholinesterase, though at 
much slower rates than acetylcholine and acetyl]-B- 
methylcholine (Adams, 1949). 

Where pseudocholinesterase is present in a 
tissue to an equal or greater extent than acetyl- 
cholinesterase, the contribution of the latter 
enzyme to the total hydrolysis of benzoyl- or 
butyryl-choline is negligible. Generally, however, 
acetylcholinesterase activity in a tissue is greater 
than pseudocholinesterase activity; this applies 
particularly to the central nervous system of the 
rat, where Ord & Thompson (1950) have found the 
ratio of activities to be about 20:1; in a subsequent 
paper (Ord & Thompson, 1952) they put forward 
evidence to suggest that as much as 50% of the 
apparent pseudocholinesterase activity may be due 
to acetylcholinesterase. 

The present paper describes work undertaken to 
minimize this source of error as a preliminary to the 
study of the development of both cholinesterases in 
the central nervous system of the rat (Elkes & 
Todrick, 1955). The object was to depress the 
acetylcholinesterase activity without significantly 
affecting the pseudocholinesterase activity, by 
adding a highly selective inhibitor of acetyl- 
cholinesterase. Some of the results have been the 
subject of a preliminary communication (Bayliss & 
Todrick, 1953). 


METHODS 


Cholinesterase activity was estimated by a modification of 
Ammon’s (1933) manometric method: the Warburg flask 
contained 0-5 ml. of enzyme preparation in bicarbonate 
saline (NaCl, 0-0115mM; KCl, 0-0024m; CaCl,, 0-0024m; 
NaHCO,, 0-034mM; total molarity 0-154M; equilibrated 
with CO, + N, (5:95) to pH 7-6 and 2-2 ml. of the inhibitor 
dissolved in the same medium; the side arm contained 
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0-3 ml. of a solution of the substrate (in distilled water, to 
minimize hydrolysis before mixing). 

Enzyme preparations. The ‘typical’ acetyl- and pseudo- 
cholinesterase preparations that were used in selecting the 
most suitable inhibitors were respectively: (a) A 1:10 (w/v) 
suspension of rat brain in bicarbonate saline; this was 
prepared by pounding and grinding the whole of the rat 
brain in a glass mortar without the addition of saline until 
it appeared homogeneous, then adding the same volume of 
saline and continuing the grinding until homogeneity was 
reattained; the bulk of the saline was then added and the 
grinding continued (Wajda, 1951; cf. also Long, 1952). 
(6) The intestinal mucosa from one rat, ground in a glass 
mortar in 20 ml. of the bicarbonate saline and diluted to a 
final volume of 60-400 ml., according to the activity of the 
preparation and the substrate used; the ground undiluted 
suspension could be centrifuged for 10-15 min. at 3000 
r.p.m. to give a clear solution which retained 80% of the 
original activity. 

In the experiments concerned with the pseudocholin- 
esterase activity of the central nervous system, a more 
concentrated preparation was used, 1 g. of brain being 
homogenized in bicarbonate saline to a final volume of 4 
or 5 ml. 

Substrates. 0-03M Acetyl-8-methylcholine, 0-006m ben- 
zoylcholine and 0-01m butyrylcholine were used. They were 
dissolved in distilled water and brought to pH 5 with a 
trace of hydrochloric acid to prevent hydrolysis. 

Calculation of results. The output of gas/flask/hr. was 
calculated by the method of Aldridge, Berry & Davies 
(1949); it was then corrected for non-enzymic hydrolysis 
and gas production by the enzyme preparation in the 
absence of substrate. The results have been quoted 
variously in terms of pl. of CO,/flask/hr., ul. of CO,/g. wet 
wt. of tissue/hr., or percentage inhibition based on a 
simultaneous estimation of uninhibited activity. The 
method chosen was that which most clearly emphasized the 
point at issue; the use of the wet-weight basis in all cases 
tends to give a misleading idea of the absolute output of 
gas being measured (e.g. Tables 3 and 4), but it is necessary 
when relating the activities of the two enzymes as in 
Table 5. 


RESULTS 


Comparison of the relative selectivity of 
acetylcholinesterase inhibitors 
The first stage of the investigation consisted in 
choosing the most effective from a number of com- 
pounds which were known to be highly selective 
inhibitors of acetylcholinesterase. The ratio of the 
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pseudo- and acetyl-cholinesterases (I;9 ratio) has 
been taken as a measure of the selectivity of an 
inhibitor (cf. Adams & Thompson, 1948; Todrick, 
1954). In the present investigation, we were more 
concerned with the capacity of the inhibitors to 
cause very high or very low inhibitions; about this 
less is known, but theoretically it should be 
directly related to the J;) ratio in competitive 
reversible inhibitors, and the ranking of any series 
of inhibitors should be the same in the two cases. 
Therefore, as a working rule, no compound was 
examined which was not at least 500 times as 
effective against acetylcholinesterase as against 
pseudocholinesterase. 

Of the four compounds available which satisfied 
this criterion, one, bis-(2-diethylaminoethy]) phtha- 
late diethiodide, ‘IS 337’ (Bovet, Bovet-Nitti, 
Guarino, Longo & Marrotta, 1949), has not been 
tested because it is hydrolysed by pseudocholin- 
esterase (Bovet-Nitti, 1949), which would involve 
uncertainty about its concentration during the 
estimation. The others are: the N-p-chlorophenyl- 
N-methylcarbamate of m-hydroxyphenyltrimethyl- 
ammonium bromide, ‘Nu 1250’ Roche (Hawkins 
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& Mendel, 1949); 1:5-bis-(4-trimethylammonium- 
phenyl)pentan-3-one diiodide, ‘62C47’ Wellcome 
(Burgen, 1948; Copp, 1953); and 1:5-bis-(4-allyl- 
dimethylammoniumphenyl)pentan-3-one diiodide, 
*284C51’ Wellcome (Austin & Berry, 1953; Copp, 
1953). 

Experiments were carried out to ascertain how 
completely rat-acetylcholinesterase activity could 
be depressed by these compounds in concentrations 
that would not interfere significantly with rat- 
pseudocholinesterase activity. In the first experi- 
ments, benzoylcholine was used as the substrate for 
pseudocholinesterase; the results are given in 
Table 1. It should, however, be remembered that 
the experimental error of the manometric method is 
generally taken as about 3%. 

It was concluded that Nu 1250 was insufficiently 
selective for the purpose in view and that, although 
284C 51 appeared to be slightly more effective than 
62C47, it was doubtful whether the differences 
were real. These results thus tended to support the 
assumption that the effectiveness was directly 
related to the I,9 ratio, of which the values are 500 
for Nu 1250, 50000 for 62C47 and 300000 for 


Table 1. Jnhibition of rat acetyl- and pseudo-cholinesterase by selective inhibitors 


Acetylcholinesterase, 1 g. of brain homogenized in 10 ml. of bicarbonate (0-034M) saline; pseudocholinesterase, 
intestinal mucosa from one rat ground in 20 ml. saline and diluted 4- to 6-fold according to activity; substrates, 0-01 Mm 
acetyl-8-methylcholine and 0-014M benzoylcholine respectively: the figures are means of three estimations. 


Percentage inhibition 


f 


Pseudo- 


Conen. Acetyl- 
Inhibitor (mM) cholinesterase cholinesterase 
Selective acetylcholinesterase inhibitors 
Nu 1250 &x10-* 81 1 
2x10-* 98 8 
62C47 &<i¢-* 94 1 
2x 10-5 101 3 
284C5 3x10-5 100 2 
1x10 102 > 
Selective pseudocholinesterase inhibitors 
Ethopropazine methosulphate 3x 10-5 -1 90 
(Lysivane) 8 x 10-5 9 95. 
Tetraisopropylpyrophosphoramide Ex<i@-5 0,1 90 
(iso-OMPA) 3x 10-5 6, 11 92 
Fx I¢-* 24 


Effect of selective anticholinesterases on the hydrolysis of butyrylcholine by pseudocholinesterase 


Table 2. 
Pseudocholinesterase preparation, see Table 1; substrate, 0-01m butyrylcholine. 


Percentage inhibition of enzyme activity 


Conen. EEE - ——-__--—— - 
Inhibitor (m) Rat 1 Rat 2 Rat 3 Rat 4 Mean 
A. 62C47 5 x 10-6 -] +2 -2 3 —] 
2x 10-5 -—2 -l —6 —10 -5 
Rat 5 Rat 6 Rat 7 Mean 
B. Lysivane 3 x 10-5 99 99 102 100 
7 8 x 10-5 97 99 102 99 
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284C51. The last two inhibitors were tested with 
butyrylcholine as substrate; the results for 62C47 
are given in Table 2; the 5% activation observed 
at 2x 10->m may be real, as 284C51 at 3x 105m 
did cause 10-20 % activation. In subsequent work, 
62C 47 was used and the concentration was reduced 
to 7x10-*m to minimize the chances of slight 
activation. The stability of this compound in 
solution was investigated: a 10-4m solution was 
compared after 6 months’ storage in a refrigerator 
with a freshly made solution, both being equally 
diluted in order to cause inhibition of acetylcholin- 
esterase of the order of 50%. Deterioration was 
hardly measurable and, considering the way in 


which the solution was used, appeared to be of 


little significance. 


Comparison of the relative selectivity of 
pseudocholinesterase inhibitors 

Selective inhibitors of pseudocholinesterase were 
tested in a similar manner. Only compoundsat least 
500 times as effective against pseudocholinesterase 
as against acetylcholinesterase were examined. 
Those tested were the irreversible inhibitor tetra- 
isopropylpyrophosphoramide, ‘iso-OMPA’ (Ald- 
ridge, 1953), and the reversible inhibitor, ethoprop- 
azine methosulphate, ‘Lysivane methosulphate’ 
May and Baker (‘Todrick, 1954). The results of tests 
against acetylcholinesterase and pseudocholin- 
esterase with benzoylcholine as substrate are given 
in Table 1; there was little difference between them, 
the maximum inhibition of pseudocholin- 
methosulphate 


but 
esterase caused by 
appeared to be slightly greater; in addition, this 
compound was preferred because it was a reversible 


Lysivane 


Table 3. 
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inhibitor, and the degree of inhibition caused by 
irreversible inhibitors varies markedly with time 
of contact (Mackworth & Webb, 1948). Tested 
against pseudocholinesterase, using butyrylcholine 
as substrate, Lysivane did achieve more complete 
inhibition (Table 2). In subsequent work it was 
used at a concentration of 5x 10->m with both 
substrates, though the results suggest that, with 
butyrylcholine, a concentration of 3x 10m 
would be preferable. 


Hydrolysis of benzoyl- and butyryl-choline 
by rat brain 

Having selected an inhibitor which appeared to 
be capable of inhibiting 95% of acetylcholin- 
esterase activity at a concentration that did not 
reduce pseudocholinesterase activity significantly, 
and another that was equally selective for pseudo- 
cholinesterase, we have used them to analyse the 
hydrolysis of butyryl- and benzoyl-choline by a 
homogenate of rat brain. Table 3 shows that the 
rate of hydrolysis is reduced by both compounds, 
but to a greater extent by the pseudocholinesterase 
inhibitor; the fact that the sum of the two in- 
hibited activities is, within the limits of experi- 
mental error, equal to the uninhibited activity 
suggests that the two compounds are inhibiting 
different enzymes and not acting to different 
extents on a single enzyme. This is confirmed by 
experiments in which the inhibitors, used jointly, 
have reduced the rate of hydrolysis to an almost 
negligible level (‘Table 4). 

In view of the known properties of the two in- 
hibitors, the simplest explanation of the results is 
that acetylcholinesterase has contributed to the 


Analysis of the choline-ester-hydrolysing activity of rat-brain homogenate, 


using selective inhibitors of acetyl- and pseudo-cholinesterase 


Homogenate, 1 g. of rat brain in 5 ml. of bicarbonate (0-034M) saline, 0-5 ml./flask; acetylcholinesterase inhibitor, 
62C47; pseudocholinesterase inhibitor, Lysivane methosulphate; figures are mean of three estimations, corrected for 


substrate and tissue blanks. 


Rate of hydrolysis (ul. CO,/hr.) 


In presence of 


In presence of 5x10-5M 

Substrate 10-°m 62C47 Lysivane 
Benzoylcholine 0-006 m 35 16 
35 16 
32 15 
39 16 
Mean 35 16 
Butyrylcholine 0-01m 107 11 
118 11 
89 7 
108 7a 
100 13 
Mean 104 10 


Difference between 
uninhibited 
activity and sum 


Sum of two 


inhibited In absence of of two inhibited 
activities inhibitors activities 
51 48 -3 
51 52 +] 
47 49 +2 
56 59 +3 
51 52 +1 
118 116 -2 
129 128 -1 
96 98 +2 
115 118 +é 
113 119 +6 
114 116 2 
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Table 4. Effect of addition of both an acetyl- and a pseudo-cholinesterase inhibitor on the hydrolysis 
of benzoyl- and butyryl-choline by rat-brain homogenate 


Experimental details as for Table 4. 
Rate of hydrolysis of substrate 
(ul. CO,/hr.) 
iene 


ae ee — 
In absence of In presence of 


Substrate Inhibitors inhibitors inhibitors 
0-006 M-Benzoylcholine 10-5m 62C47 and 30 0 
5 x 10->m Lysivane 33* + 
34* 1 
25 -7 
31 -4 
Mean 3l -1 
0-01 M-Butyrylcholine 7 x 10-*m 62C47 and 1097 3 
5 x 10-°m Lysivane 116 1 
109+ al 
101 3 
Mean 109 0 


* Homogenate in these experiments contained 1 g. of brain in 3 and 4 ml. respectively; values have been scaled down 
to correspond with the others. 

+ These results were obtained in micro-flasks, using one-fifth of normal quantities; they have been multiplied by 5 so 
as to give figures comparable with the others. 


Table 5. Effect of the selective acetylcholinesterase inhibitor 62C 47 on the hydrolysis of choline esters 


by rat brain and spinal cord 


Homogenates, brain, various strengths, and spinal cord, various strengths, 0-5 ml./flask; substrates, acetyl-8-methyl- 
choline, 0-03M, butyrylcholine, 0-01M, benzoylcholine, 0-006mM; 62C47 concentrations, 7 x 10-*m with butyrylcholine, 
10-°m with benzoylcholine; figures in column 5 give the difference between the uninhibited and the inhibited rates of 
butyrylcholine hydrolysis in terms of the rate of hydrolysis of acetyl-8-methylcholine [(col. 2 — col. 3)/col. 1]; this is inter- 
preted as the ratio of the rates of hydrolysis of butyryl- and acetyl-8-methylcholine by acetylcholinesterase, see text; 
figures in column 6 give the ratio of the net rates of hydrolysis of butyryl- and benzoyl-choline by brain pseudo¢holin- 


esterase. 
Rate of hydrolysis (ul. CO,/g. wet wt./hr.) 








5 Ratio: Ratio: 
Benzoyl. BuCh » srotysis BUC™ pydrolysis 
Acetyl-B- Butyrylcholine (BuCh) choline Mch > Bah 
methylcholine =———_+~—__—__—___, (BzCh) for acetyl- for pseudo- 
Tissue (MCh) Uninhibited Inhibited Inhibited cholinesterase cholinesterase 
Brain 4180 1225 1120 183 0-025 6-1 
4900 1245 1210 205 0-007 5-9 
5450 1230 1135 217 0-017 5-2 
4580 1240 850 160 (0-085) as 
4530 1170 1090 200 0-018 5-5 
Spinal cord 2660 714 680 154 0-013 4-4 
2490 408 386 88 0-009 4-4 
2340 650 576 118 0-032 4-9 
Mean 0-017 + 0-003* 5240-2 


* Figure in brackets omitted. 


total hydrolysis to the extent of 30% with benzoyl- cholinesterase to the rate of hydrolysis of acetyl-- 


choline and 9 % with butyrylcholine; alternatively, 
the estimate of pseudocholinesterase activity with 
benzoylcholine as substrate is 43 % high, and with 
butyrylcholine as substrate is 10% high. 


Relative rates of hydrolysis of choline 
esters by acetylcholinesterase 
The figures given above are insufficient to permit 
the calculation of the ratios of the rates of hydro- 
lysis of butyryl- and benzoyl-choline by acetyl- 


0 


methyleholine. Since the earlier estimates of these 
ratios showed some disagreement (see Table 7), it 
was considered worth while to redetermine this 
ratio for butyrylcholine and acetyl-§-methyl- 
choline by using a method involving a different 
principle, namely the employment of a selective 
inhibitor rather than a purified enzyme. 

The depression by 62C47 of the rate of hydro- 
lysis of butyrylcholine by rat-brain and spinal-cord 
homogenates was measured, together with the net 
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rate of hydrolysis of acetyl-B-methylcholine by the 
same homogenates; the ratio of these two values is 
taken to be the required ratio. The results are given 
in Table 5, the mean being 0-017 + 0-003 (omitting 
one result). The ratio of the rate of hydrolysis of 
benzoylcholine by acetylcholinesterase to that of 
acetyl-8-methylcholine has not been determined, 
since it was confirmed that the rate of hydrolysis 
of benzoylcholine by pseudocholinesterase is only 
about one-fifth of that of butyrylcholine. 


Effect of post-mortem perfusion on the estimation 
of brain-cholinesterase activity 


The estimation of pseudocholinesterase activity 
was studied as a preliminary to the investigation of 
its development in the young rat and embryo, 
circumstances in which the post-mortem perfusion 
of the brain to remove the acetyl- and pseudo- 
cholinesterase in the blood might prove difficult. 
It was therefore decided to determine whether 
perfusion materially affected the estimates of 
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were carried out on the brains of pairs of litter 
mates of the same sex aged about 30 days; one was 
effectively perfused, as judged by the alteration in 
colour of the eye; the other was _ superficially 
washed in saline. The results given in Table 6 do 
not demonstrate any material effect of perfusion 
on the pseudocholinesterase values. 


DISCUSSION 


The results presented in this paper confirm the view 
that acetylcholinesterase is partly responsible for 
the hydrolysis of butyryl- and benzoyl-choline by 
homogenates of rat brain and spinal cord (Ord & 
Thompson, 1952). The accepted method of 
estimating pseudocholinesterase therefore gives 
high results; the magnitude of the error will be 
proportional to the acetylcholinesterase/pseudo- 
cholinesterase quotient of the tissue. 

The acetyl- and pseudo-cholinesterase activity 
has been measured in eight parts of the brain of the 


enzyme activity. Estimations of both enzymes rat, and the ratio has been found to vary from 0:8 


Table 6. Effect of post-mortem perfusion on the estimates of cholinesterase activity in the rat brain 


Litter mates of same sex and age (approx. 30 days) killed by asphyxiation, one brain immediately perfused, the other 
removed and washed in saline; acetyl- and pseudo-cholinesterase activity measured by using 0-03M acetyl-8-methyl- 
choline and 0-006m benzoylcholine as substrates. 


Activity of washed brain 


Activity of perfused brain 
(ul. CO,/g./hr.) 


(ul. CO,/g./hr.) 





c 3 ) Cc rs ge =~ 
Acetylcholin- Pseudocholin- Acetylcholin- Pseudocholin- 
Litter Sex esterase esterase esterase esterase 

A F. 5190 189 4970 183 

A M. 5330 189 5410 203 

B F. 4300 230 4500 266 

Cc F. 4440 242 4440 192 

C M. 3370 175 3590 214 

Mean 4530 205 4530 212 


Table 7. Rate of hydrolysis of specific substrates of pseudocholinesterase by acetylcholinesterase as 
percentage of rate of hydrolysis of acetyl- or acetyl-B-methyl-choline 


Ratio of 
rates of 


Pseudocholinesterase 


Acetylcholinesterase 


Source of enzyme 
Human erythrocyte 


Electric eel, purified 


Human erythrocyte, 
partly purified 

Human erythrocyte, 
partly purified 
Horse erythrocyte, 
purified 


Horse erythrocyte, 
purified 


Brain 
All tissues (mean) 


Brain and spinal cord 


substrate 
0-006M Benzoylcholine 
0-015M Butyrylcholine 


0-03M Butyrylcholine 
0-03m Benzoylcholine 
0-006M Butyrylcholine 
0-015M Butyrylcholine 


0-03M Butyrylcholine 
0-03M Butyrylcholine 


0-01m Butyrylcholine 


substrate hydrolysis 

0-02m Acetylcholine 0 

0-015Mm Acetylcholine 2 

0-03m Acetyl-8-methylcholine 5 

0-03m Acetyl-8-methylcholine 1-5 
0-006m Acetyl-8-methylcholine 2-5 
0-015m Acetylcholine 2-3 
0-0138m Acetylcholine 2-3 
0-0138m Acetylcholine 2-2 
0-03m Acetyl-8-methylcholine 1-7 


Reference 
Mendel et al. (1943) 


Nachmansohn & 
Rothenberg (1945) 


Adams (1949) 
Adams (1949) 


Mounter & Whittaker 
(1950) 


Aldridge (1953) 


Davison (1953) 
Davison (1953) 


This paper 
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to 19-1 (Elkes & Todrick, 1955). It can be calcu- 
lated that the error involved in neglecting the 
acetylcholinesterase contribution ranges from 6 to 
120% with benzoylcholine as substrate, and from 
2 to 36% with butyrylcholine as substrate. 

Another method of correction has been em- 
ployed by Davison (1953). He has estimated the 
ratio of the rates of hydrolysis of butyrylcholine 
and acetylcholine and has corrected his estimated 
pseudocholinesterase activity by the estimated 
acetylcholinesterase activity multiplied by the 
previously determined ratio. This doubles the 
number of estimations to be carried out. 

The experimental determination of a ratio of the 
order of 0-02 has its difficulties. However, setting 
aside earlier statements that acetylcholinesterase 
does not attack these substrates, the published 
values are not markedly discrepant (see Table 7), 
particularly when it is considered that the ratio 
will be modified by the use of different substrates 
and concentrations. 

The emphasis which has been placed in this work 
on the estimation of pseudocholinesterase in the 
presence of a large excess of acetylcholinesterase 
has been dictated primarily by our interest in the 
central nervous system. However, there are also 
tissues in which pseudocholinesterase is present in 
considerable excess of acetylcholinesterase (Ord & 
Thompson, 1950); here, it should be possible to 
improve the accuracy of the estimation of acetyl- 
cholinesterase activity by adding Lysivane metho- 
sulphate to the reaction mixture. In choosing the 
optimum inhibitor concentration, and perhaps 
even the most suitable inhibitor, species differences 
will, however, have to be borne in mind. 


SUMMARY 


1. Determination of pseudocholinesterase by the 
use of the selective substrates butyrylcholine or 
benzoylcholine leads to high results when acetyl- 
cholinesterase is present in excess (as in rat brain). 

2. The determination of pseudocholinesterase 
with butyrylcholine as substrate is improved by 
using, in addition, a selective inhibitor, ‘62C47’, for 
acetylcholinesterase. 

3. Similarly, the determination of acetylcholin- 
esterase in the presence of excess of pseudocholin- 
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esterase could be improved by using a selective in- 
hibitor, Lysivane methosulphate, for pseudo- 
cholinesterase. 

4. The activities of acetyl- and pseudo-cholin- 
esterases of rat brain are not significantly altered 
by post-mortem perfusion. 


We are most grateful to Professor J. Elkes for his en- 
couragement and helpful criticism throughout the in- 
vestigation. We are also indebted to Dr D. W. Adamson, 
Dr W. N. Aldridge, Dr Z. Y. Kyi and May and Baker (New 
Products Division) Ltd. for gifts of inhibitors and sub- 
strates, to Miss S. Green for technical assistance in some 
experiments, and to the Ministry of Supply for a grant in 
support of this work. 
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The Biochemistry of Aromatic Amines 


THE RESISTANCE OF SOME 0-AMINOARYL SULPHATES TO HYDROLYSIS 
BY ARYL SULPHATASES 


By E. BOYLAND, D. MANSON, P. SIMS ann D. C. WILLIAMS 
Chester Beatty Research Institute, Institute of Cancer Research, Royal Cancer Hospital, London, S.W. 3 


(Received 30 June 1955) 


Aromatic amines are oxidized in animal tissues to 
o- and p-aminophenols, which are rapidly con- 
jugated to give either sulphates or glucosiduro- 
nates. Some of the carcinogenic aromatic amines 
appear to produce their biological effects after 
conversion into 0-aminophenols. 2-Naphthylamine, 
for example, which produces bladder cancer, is 
oxidized to 2-amino-6-naphthol and 2-amino-1- 
naphthol by liver slices, but these products are 
rapidly conjugated to yield sulphates and gluco- 
siduronates in liver tissue (Booth, Boyland & 
Manson, 1955). Whereas 2-amino-6-naphthy] sul- 
phate was hydrolysed by rat kidney, 2-amino-1- 
naphthyl sulphate was not hydrolysed by any of 
the tissues which were examined. One would 
expect that the conjugated forms of aminophenols 
excreted in urine would be hydrolysed by the 
glucuronidase and sulphatase which are present in 
almost all urines (Boyland, Wallace & Williams, 
1955). The glucosiduronates of both 2-amino-6- 
naphthol and 2-amino-1-naphthol, and 2-amino-6- 
naphthy! sulphate are hydrolysed enzymically, but 
2-amino-1-naphthy] sulphate is hydrolysed neither 
by urinary nor by any other sulphatases. Some 
other o-aminoary] sulphates are resistant to hydro- 
lysis by sulphatase, but all other aryl sulphates 
which have been examined are hydrolysed by aryl 
sulphatases. The aminophenyl sulphates derived 
from carcinogenic aromatic amines are generally 
resistant to the hydrolytic action of sulphatases. 

Although 2-naphthylamine is carcinogenic when 
given to dogs, it is not active when implanted in 
the mouse bladder under conditions in which 2- 
amino-1-naphthol induces bladder cancer (Bonser, 
Clayson, Jull & Pyrah, 1952). When tested under 
the same conditions 2-amino-l-naphthyl sulphate 
did not induce bladder cancer (Bonser, Clayson & 
Jull, 1954). 

METHODS 


Materials. o-Aminophenyl sulphates were prepared by 
persulphate oxidation of the corresponding aromatic amines 
(cf. Boyland, Manson & Sims, 1953; Boyland & Sims, 1954). 
Potassium indoxyl sulphate was prepared by the action of 
potassium persulphate on indole (Boyland, Sims & Williams, 
unpublished work). Other aminophenyl sulphates and the 
nitrophenyl sulphates were prepared from the correspond- 


ing nitrophenols by the method of Burkhardt & Wood 
(1929), and the dipotassium salt of 2-hydroxy-5-nitro- 
phenyl sulphate was prepared by the action of persulphate 
on p-nitrophenol (Roy, 1953). Potassium 1-acetamido-2- 
naphthyl sulphate, prepared by the action of acetic anhydride 
on potassium 1l-amino-2-naphthyl sulphate, separated from 
90% aqueous ethanol-ether in clusters of leaflets. (Found: 
C, 45-2; H, 3-3; N, 4-45. C,.H;>0;NSK requires C, 45-1; 
H, 3-2; N, 4:4%.) 2-Amino-l-naphthyl phosphate was 
prepared by oxidation of 2-naphthylamine with perphos- 
phoric acid in the presence of acetone (Boyland & Manson, 
unpublished work). 2-Amino-l-naphthyl glucosiduronate 
was prepared by the acid hydrolysis of 2-acetamido-1- 
naphthyl glucosiduronate, which was isolated from the 
urine of rabbits dosed with 2-acetamido-1-naphthol. Taka 
diastase was obtained from Parke Davis Ltd. Acid phos- 
phatase, alkaline phosphatase and bacterial B-glucuroni- 
dase were obtained from Sigma Chemical Co., Missouri, 
U.S.A. Spleen £-glucuronidase was supplied by Viobin 
Laboratories, Stamford, Conn., U.S.A. 

Paper chromatography. The descending technique 
(Consden, Gordon & Martin, 1944) was used on Whatman 
no. 1 chromatography paper with the organic phase from 
a freshly prepared mixture of butanol, acetic acid and 
water (4:1:5) (Partridge, 1946). The chromatograms were 
run for 18hr. at room temperature and then examined 
either under a Hanovia ‘Chromatolite’ ultraviolet lamp 
directly or in daylight after spraying with a solution of p- 
dimethylaminobenzaldehyde (0-5°% in 10% aqueous 
ethanol containing 2-5% HCl). 

Hydrolysis by sulphatase. (a) Taka diastase. Solutions of 
the substrates (2 ml., 0-01 m), aqueous Taka diastase (1 ml., 
0-5 %) and acetate buffer (2 ml., 0-2M, pH 6-0) were mixed 
in stoppered tubes and incubated for 18 hr. at 37°. The 
hydrolysis of each substrate was carried out in duplicate 
and a blank, without Taka diastase, was also incubated. 
Taka diastase solution (1 ml.) was added to the blank, and 
the phenol liberated in any of the three solutions was 
estimated in one of two ways. 

Method 1. Samples (1 ml.) of each of the three solutions 
were added to tubes each containing aqueous Na,CO, (3 ml., 
20%, w/v), and Folin and Ciocalteu’s reagent (1 ml.) was 
added to each tube. The tubes were centrifuged for 15 min. 
at 600 g and the absorption of the solutions at 700 my. was 
measured with a Unicam SP. 500 spectrophotometer. A 
standard was also set up by treating an aqueous solution of 
the corresponding phenol (0-01m) in the same way. The 
results were expressed as pg. of the sulphate hydrolysed/ 
unit of sulphatase activity/hr. The unit of sulphatase is that 
quantity which, when present in 1 ml. of water and incu- 
bated at 37° with 4-nitrocatechol sulphate (1 ml., 0-05) 
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and acetate buffer (1 ml., 0-2m, pH 6-0), releases 1 ug. of 
nitrocatechol/hr. 

Method 2. (a) Samples (0-3 ml.) of each of the three 
solutions were added to aqueous Na,CO, (2 ml., 20%, w/v) 
and diazotized sulphanilic acid (2 ml., 9 parts of 05% 
aqueous sulphanilic acid and 1 part of 1% NaNO, solution 
kept at 0°) was added. The solutions were kept for 15 min. 
at room temperature and the colour was estimated on a 
Unicam SP. 500 spectrophotometer by comparison with 
the colour produced by the phenol. In cases where both 
methods were used, good agreement was obtained. 

(b) Urine. The procedure was the same except that urine 
of known high sulphatase activity was used in place of the 
Taka diastase solution. 
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Hydrolysis of 2-amino-\1-naphthyl glucosiduronate by 


B-glucuronidase. Aqueous 2-amino-l-naphthyl glucosid- 
uronate (2 ml., 0-01 M) was incubated at 37° in acetate buffer 
(2ml., pH 6-0) with bacterial B-glucuronidase and in 
acetate buffer (2 ml., pH 4-5) with calf-spleen 8-glucuroni- 
dase overnight. Free 2-amino-1l-naphthol was detected as 
before. 
RESULTS 

Aryl sulphates without 0-amino groups. The hydro- 
lysis rates and R, values of the aryl sulphuric 
esters, without amino groups ortho to the ester 
groups, are shown in Table 1. The four nitrophenol 
derivatives are hydrolysed readily, both by the 


Table 1. Properties of aryl sulphates 


Ry value 

Sulphate of Phenol Ester 
o-Nitrophenol -= — 
m-Nitrophenol 0-91 0-32 
p-Nitrophenol 0-88 0-35 
2-Hydroxy-5-nitropheno! a — 
m-Aminophenol = — 
p-Aminophenol — — 
1-Naphthol 0-92 0-46 
2-Naphthol — _ 
2-Amino-6-naphthol 0-79 0-28 
2-Acetamido-6-naphthol — — 
Indoxyl — 0-25 


Hydrolysis by acid. All compounds tested were easily 
hydrolysed in N-HCl at 100°. Solutions of the substrates 
(5 ml., 0-Olm) and 10N-HCl (5 ml.) were heated to 37° 
separately and then mixed, thoroughly shaken and incu- 
bated at 37°. Samples (0-3 ml.) were removed at intervals 
of 2, 5, 10, 15, 20, 30, 40, 50 and 60 min. and immediately 
added to aqueous Na,CO, (2 ml., 20%, w/v). These solu- 
tions were treated with diazotized sulphanilic acid and the 
liberated phenols were estimated as before. The times for 
half hydrolysis were calculated from the hydrolysis curves 
and the results are expressed as reciprocals (i.e. the rates of 
hydrolysis) of these figures. 

Determination of pK, values. These were determined by 
potentiometric titrations of the sulphates at 25°. In most 
cases the sodium or potassium salt (100-200 mg.) in water 
(10-25 ml.) was titrated with 0-1N-HCl and the pH of the 
solution was measured at 0-25 ml. intervals with a Cam- 
bridge pH meter, using a glass electrode, pK, being taken 
as the pH at which half the acid was neutralized. In a few 
cases, where the salt was not available, the acid was 
titrated against 0-1 N-NaOH. 

Hydrolysis of 2-amino-1-naphthyl phosphate. Aqueous 
2-amino-l-naphthyl phosphate (2 ml., 0-01M) was incu- 
bated with acid phosphatase at 37° in acetate buffer (2 ml., 
pH 5-0) and with alkaline phosphatase in bicarbonate 
buffer (2 ml., pH 10-0) for 1 hr. Free 2-amino-1-naphthol 
was detected by the formation of a dye when the incubated 
solutions were shaken with aqueous 2N-NH,. The dye was 
extracted by benzene, forming a characteristic purple 
solution. 





Hydrolysis 
A ~ 
Taka Urine 5N-HCI at 37° 
diastase sulphatase (1/time for Apparent 
(ug./unit/hr.) (ug./unit/hr.) half hydrolysis) pk, 
215 129 0-125 _— 
294 217 0-092 — 
480 113 0-333 — 
270 248 0-025 6-8 
32 23 0-016 4-1 
62 81 0-192 4-4 
290 310 0-410 -- 
117 92 -- — 
138 178 0-001 _— 
46 48 0-014 — 
11 9-4 — -- 


sulphatases of urine and of Taka diastasé. All 
three isomeric nitropheny] sulphates are hydrolysed 
more rapidly by Taka diastase preparation than by 
the enzyme from urine; the hydrolysis with Taka 
diastase proceeds most rapidly with the p-isomer 
and least rapidly with the o-compound. The m- and 
p-aminophenyl sulphates are hydrolysed much 
more slowly than the corresponding nitropheny! 
sulphates. The enzymic hydrolysis of 1-naphthy] 
sulphate proceeds at more than twice the rate of 
that of 2-naphthyl sulphate. 

Aryl sulphates with o-amino groups. Table 2 shows 
that eight of the aryl sulphates with o-amino 
groups are not hydrolysed by sulphatase. The 
sulphates which are resistant to hydrolysis all have 
apparent pK, values of 4-3 or higher. The hydro- 
lysis rate of the other sulphates increases as the 
pK, value decreases so that the least basic of the 
esters, that of 2-amino-4-chlorophenol (pK, 2-2) is 
hydrolysed almost as rapidly as esters which have 
no basie groups. The substitution of a dimethyl- 
amino group in place of an amino group raises the 
pK, by approximately 2 units. In the cases of the 
sulphates of 2-aminophenol and 2-dimethylamino- 
phenol, and of 1-amino-2-naphthol and 1-dimethyl- 
amino-2-naphthol, the limiting pK, value of 4-3 lies 
between the pK, values of the methylated and 
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Properties of o-aminoaryl sulphates 








Hydrolysis 
c \ 
Ry value Taka Urine 5n-HCl at 37° 
- a diastase sulphatase (1/time for Apparent 
Sulphate of Phenol Ester (ug./unit/hr.) (yg./unit/hr.) half hydrolysis) pk, 

2’-Chloro-4-dimethylamino- 0-72 0-41 0 0 0-68 —_ 

3-hydroxystilbene 
4-Dimethylamino-3- 0-65 0-32 0 0 0-333 7:3 

hydroxy-2’-methylstilbene 
2-Dimethylamino-1-naphthol 0-65 0 0 0-112 6-9 
4-Dimethylamino-3- — 0 0 0-046 6-6 

hydroxydiphenyl 
2-Dimethylaminophenol 0-81 0-53 0 0 0-059 5-7 
1-Dimethylamino-2-naphthol ~- 0-64 0 0 0-153 4-8 
4-Amino-3-hydroxydipheny] 0-84 0-61 0 0 0-078 4-5 
2-Amino-1-naphthol — 0-52 0 0 0-083 4:3 
2-Amino-4:5-dimethylphenol 0-68 0-53 22 23 0-087 4-2 
2-Amino-5-methylphenol 0-87 0-60 41 43 0-100 3-9 
2-Aminophenol 0-69 0-39 36 40 0-385 3-7 
2-Amino-4-methylphenol 0-86 0-59 8 7 0-400 3-7 
2-Amino-3:6-dimethylphenol -- — 45 45 0-062 3-6 
2-Methylaminophenol 0-75 0-51 16 11 0-264 3°6 
2-Amino-3-methylphenol 0-83 0-51 32 4t 0-125 3:3 
1-Amino-2-naphthol 0-75 0-59 23 29 0-125 2-9 
2-Amino-3-carboxyphenol 0-89 0-30 * 33 31 0-166 _— 
2-Amino-5-sulphophenol 0-11 0-30 33 25 0-222 — 
3-Hydroxykynurenine 0-20 0-04 50 41 0-252 — 
2-Amino-5-carboxyphenol 0-67 0-16 56 68 0-154 — 
2-Amino-5-bromophenol 0-74 0-62 66 56 0-500 2-7 
1-Acetamido-2-naphthol — — 8 71 0-133 = 
2-Acetamido-1-naphthol - 98 138 1-08 
2-Acetamidophenol 131 167 0-210 ~ 
2-Amino-4-chlorophenol 0-82 0-37 154 170 0-006 2-2 


unmethylated compounds: the unmethylated but 
not the methylated compounds were hydrolysed by 
sulphatase. While there is reasonable correlation 
between the hydrolysis by sulphatase and the pK, 
of the amino groups, there no correlation 
between the rates of enzymic hydrolysis and of acid 


is 


hydrolysis. 

Aliphatic sulphates. Neither of the sulphatase 
preparations hydrolysed ethyl sulphate or 2 
aminoethyl sulphate, in agreement with the find- 
ings of Neuberg & Wagner (1925). 

Effect of pH and substrate concentration. When 
2-amino-l-naphthyl sulphate was incubated with 
the sulphatases of urine and of Taka diastase at 
pH 3-0, 4-5, 5-8, 7-0, 8-0, 9-1 and 10-5 for 48 hr. at 
37° no detectable hydrolysis occurred. Urinary 
sulphatase was incubated with 0-001, 0-01 and 
0-1mM 2-amino-1-naphthyl sulphate at pH 6-0. No 
hydrolytic action was detected. 

Inhibition experiments. Urinary 
activity on 2-hydroxy-5-nitrophenyl sulphate, as 
described by Roy (1953), was measured alone and 
in the presence of 0-1, 0-01 and 0-001 mM 2-amino-1- 
naphthyl sulphate, and in another experiment in 
the presence of 0-01M 2-amino-1-naphthol. These 


sulphatase 


substances did not reduce the rate of hydrolysis of 


the nitrophenyl] sulphate. 


Digestive juice of snail. The digestive juice of 
Helix pomatia, which contained 4600 units of aryl 
sulphatase/ml., did not hydrolyse 2-amino-1- 


naphthyl! sulphate. 


DISCUSSION 


The complete resistance of some o-aminophenyl 
sulphates to hydrolysis by sulphatase is surprising. 
The more basic esters, which are not hydrolysed, 
will exist to a greater extent in the zwitterion form 
at pH 5-8, the optimum pH for the enzyme. In the 
ease of 2-dimethylaminopheny] sulphate, which 
has a pK, of 5:7, almost equal amounts of the 
compound will be in the form of the acid ion (I) and | 


the zwitterion (IT). 
/ 


+r 
NH(CH,), 
osoz 


N(CHy), 
oso; 


(I) (It) 


The o-aminopheny] sulphates which are hydrolysed 
by sulphatase have weak basic groups, which will 
be largely ionized at the pH at which the enzyme is 
active. 
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Of the eight o-aminoaryl sulphuric esters which 
are resistant to enzymic hydrolysis, five are 
derivatives of carcinogenic aromatic amines. The 
carcinogenic amines are 2’-chloro-4-dimethy]l- 
aminostilbene and 4-dimethylamino-2’-methylstil- 
bene (Haddow, Harris, Kon & Roe, 1948), 4- 
dimethylaminodipheny] (Miller, Miller, Sandin & 
Brown, 1949), 4-aminodiphenyl (Walpole, Williams 
& Roberts, 1952) and 2-naphthylamine (Hueper & 
Wolfe, 1937). The bases from which the other 
resistant esters are derived, i.e. 2-dimethylnaph- 
thylamine, 1-dimethylnaphthylamine and_ di- 
methylaniline, do not appear to have been tested 
for carcinogenic activity. Of the bases giving o- 
aminoaryl sulphuric esters, which have low pK, 
values and are hydrolysed by sulphatases, none 
are known to be carcinogenic. 

That part of the dose of any carcinogenic 
aromatic amine which is oxidized to an o-amino- 
phenol and then converted into an aryl sulphuric 
ester will presumably be inactivated, but the 
portion of the aminophenol which is conjugated 
with glucosiduronic acid could yield free carcino- 
genic o-aminophenol in any tissue containing 
glucuronidase. These observations are of interest in 
relation to the experiments of Elson, Goulden & 
Warren (unpublished work), which showed that 
carcinogenic aromatic amines caused increase in 
glucosiduronic acid excretion, while the two non- 
carcinogenic amines examined tended to increase 
the‘level of sulphuric ester excretion. 

The carcinogenic action of the aromatic amines 
might therefore be reduced by inhibition of (1) the 
oxidation to carcinogenic 0o-aminophenols, (2) the 
conjugation of the carcincgenic o-aminophenols 
with glucosiduronic acid (assuming that this in- 
hibition would be associated with increased forma- 
tion of the inert sulphuric ester), or (3) glucuroni- 
dase of the tissues and body fluids. 


SUMMARY 


1. Sulphatase preparations from human urine or 
Taka diastase hydrolyse all of a number of aryl 
sulphates except those with a basic amino group in 
the ortho position to the ester group. 

2. No o-aminoary] sulphates with pK, values of 
4-3 or higher are hydrolysed, and the rates of 
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hydrolysis of a series of less basic aminophenyl 
sulphates increase as the basicity of the amino 
groups decreases. 

3. The o-aminophenyl sulphates derived from 
carcinogenic aromatic amines have relatively strong 
basic groups and are not hydrolysed by sulphates. 

4. 2-Amino-1l-naphthyl sulphate, which is not 
hydrolysed by sulphatase, does not inhibit the 
hydrolysis of 2-hydroxy-4-nitropheny] sulphate. 

5. 2-Amino-1-naphthyl phosphate is hydrolysed 
by acid and alkaline phosphatase and 2-amino-1- 
naphthyl glucosiduronate is hydrolysed by f- 
glucuronidase. 
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Effects of Amino Acids on Transaminase Production in 
Neurospora crassa: Evidence for Four Different Enzymes 


By J. R. 8. FINCHAM anp A. B. BOULTER* 
Department of Genetics, University College of Leicester 


(Received 25 March 1955) 


A previous note (Fincham, 1951) reported that cell- 
free dialysed extracts of Neurospora crassa myce- 
lium would catalyse the formation of glutamic acid 
from «-oxoglutaric acid and a number of different 
a-amino acids. The present study was undertaken 
with the objects of determining whether the pro- 
duction of transaminases by Neurospora is in- 
creased by the addition of amino acids to the 
growth medium, and of gaining information as to 
the number of enzymes involved in the transamin- 
ations catalysed by crude extracts. 


METHODS 


Chemicals. «-Oxoglutaric acid was obtained from L. 
Light and Co. Ltd. Colnbrook, Bucks. Amino acids, which 
were purchased from L. Light and Co. Ltd., British Drug 
Houses Ltd., Poole, Dorset, or Roche Products Ltd. 
Welwyn, were all pure as judged by homogeneity on paper 
chromatograms. The pL-isomers of «-aminobutyric acid, 
norvaline, norleucine and methionine, and the L-isomers of 
all other amino acids were used throughout; concentrations 
are given in terms of the L-isomer, except where otherwise 
stated. Pyridoxal phosphate was a gift from Roche 
Products Ltd. The buffer used throughout in enzyme 
experiments was 0-067 mM phosphate (4Na,HPO,: IKH,PO,), 
pH 7-4. 

Organism. In all experiments to be reported in detail the 
strain used was a wild-type Neurospora crassa of mating- 
type A, number 126-1, which had been isolated in this 
laboratory by Mr J. A. Pateman. 

Culture methods. A basal nitrogen-free medium buffered 
with 0-067mM phosphate at pH 5-6 (Fincham, 1954), and 
containing 1-5% (w/v) sucrose and 5 yg./l. of D-biotin, was 
used throughout. This is referred to as ‘N-free medium’ or, 
when supplemented with 0-005mM ammonium tartrate, as 
‘minimal medium’. Amino acid supplements were added 
as indicated. Various sizes of culture flask were used to give 
a depth of medium of approx. 1 em. Inocula consisted of 
approx. | ml. of a turbid suspension of conidia (taken from 
a fresh agar slant culture) for each 100 ml. of medium. 
Growth was continued without agitation for 48 hr. at 25°. 
When minimal medium was used without amino acid 
supplement about 75% of the ammonia supplied was used 
up during the period of growth; added amino acids appeared 
to reduce ammonia utilization where comparable amounts 
of growth were made. The pH values of the media varied 
between fairly narrow limits during growth; in the experi- 


* Present address: Allied Bakeries Research Labora- 


tories Ltd., Kemp Road, Dagenham, Essex. 


ment illustrated in Table 1 the pH at the end of the growth 
period varied between 4-85, in the culture with no added 
amino acid, and 5-35, in the culture with added sodium 
glutamate. 

Preparation of extracts. Mycelial mats were washed, 
blotted, roughly weighed and ground in chilled phosphate 
buffer, as previously described (Fincham, 1953). After 
grinding with 4-5 ml. buffer/g. blotted wet weight, addi- 
tional buffer was added to give a total of 12-14 ml./g. before 
centrifuging for 5 min. at 4000 rev./min. in an M.S.E. 
‘Medium’ centrifuge. The supernatants were dialysed for 
2-3 hr. against two changes of mechanically stirred phos- 
phate buffer at 0-5°. Extracts were usually found to con- 
tain 3-5 mg./ml. protein, which was determined by 
the quantitative biuret procedure of Stickland (1951), 
adapted as previously described (Fincham, 1954). 

Transaminase assay procedure. 75x9mm. test tubes 
contained: 0-075 ml. 0-l1m Na «-oxoglutarate; 0-075 ml. 
0-1mM L-amino acid (Na salt in the cases of acidic amino 
acids) or water as control; 0-15 ml. extract added after 
temperature equilibration. Incubation was for 60 min. at 
35°, after which the reactions were stopped, and protein 
was precipitated by the addition to each tube of 0-015 ml. 
5% (v/v) acetic acid and brief heating to 100°. 

Transaminase activities were measured by estimating 
the glutamate formed. Samples (2yl.) of deproteinized 
reaction mixtures were applied 15 mm. apart along a line 
2 cm. from the long edges of 28 x 46cm. Whatman no. 1 
filter paper sheets. Three spaces were left blank on each 
sheet. The sheets were stapled into cylinders and the 
chromatograms were developed with phenol saturated with 
water (ascending) for 7-8hr. after being allowed to 
equilibrate overnight with the solvent vapour. In cases 
where the mixtures to be analysed included ornithine a 
small beaker containing a 1:1 concentrated ammonia 
solution—water mixture was present in the chromatography 
vessel during equilibration and development of the chro- 
matograms. The chromatograms were thoroughly dried at 
room temperature, sprayed uniformly with 0-25% (w/v) 
ninhydrin in n-butanol and left at room temperature until 
the amino acid spots just became visible, when the glutamic 
acid area was sprayed a second time to ensure excess of 
reagent. After leaving in the dark for approx. 20 hr. colour 
development was completed by warming for 30 min. at 
40-50°. A strip 3 cm. wide, cut parallel to the starting line 
to include glutamic acid but to exclude aspartic acid spots, 
was read in an ‘Eel’ Scanner (Evans Electroselenium Ltd., 
Harlow, Essex) with the slit partially screened so as to scan 
a 25 mm. width. The strip from each sheet was read in three 
15 em. sections, each section including one of the blank 
lanes. For each section the instrument was readjusted to 
give the arbitrary reading of 5 with the blank lane in front 
of the slit; this figure was subtracted from all experimental 
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readings. Only the maximum reading given by each spot 
was recorded (the ‘maximum density’ method of Block, 
LeStrange & Zweig, 1952). Glutamate standards con- 
taining the same concentrations of phosphate and acetic 
acid as the experimental mixtures were run for each set of 
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a a ae 6 8 10 
Concn. glutamate applied to paper (4x10-3) 


Fig. 1. Typical standard curve for glutamate. Papers 
developed with phenol saturated with water in atmos- 
phere containing ammonia vapour. The standard errors 
of the means of quadruplicate determinations are 
indicated. 
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Reaction-time curves for various transaminase 
systems. Mycelium, blotted wet weight 1-65 ¢., was 
grown in 150 ml. minimal medium supplemented with 
0-Olm pt-methionine. Digests contained, in 0-3 ml., 


7-5 pmoles 


Fig. 2. 


0-6 mg. protein, 7-5ymoles «-oxoglutarate, 
L-amino acid (or water in control) and 7 yg. pyridoxal 
phosphate. Control values have been subtracted from 
glutamate determinations throughout. 


TRANSAMINASES IN NEUROSPORA 


73 


determinations, generally on the same sheets. Experi- 
mental determinations were made in quadruplicate, the 
readings were averaged, and the glutamate concentrations 
were calculated by reference to a standard curve. A typical 
standard curve is shown in Fig. 1. It will be seen that the 
relationship between scanner reading and glutamate con- 
centration is linear only at low concentrations. Above a 
concentration of approx. 0-004m glutamate the method 
becomes less sensitive and accurate; below 0-002m the 
error is about +0-05-0-10um glutamate in an 0-3 ml. 
digest, while at the higher concentrations it may be as 
great as +0-2um. Above a concentration of 0-01™ gluta- 
mate the method has been quite unreliable. 

Fig. 2 shows progress curves for glutamate formation 
from a-oxoglutarate and a variety of amino acids by an 
extract prepared from mycelium grown on a medium con- 
taining pt-methionine. It will be seen that in most cases 
the rate of glutamate formation decreases with time, and it 
is evident that in many of the experiments the 60 min. 
incubation period was too long for precise evaluation of 
initial rates of reaction and thus of the amounts of the 
various transaminases present. The conclusions which can 
be drawn from such experiments are at best only semi- 
quantitative. The tendency will be to underestimate rather 
than to exaggerate the stimulatory effect of any given 
amino acid on transaminase formation. 


RESULTS 


Transaminase activities of mycelium 
grown on minimal medium 


The transaminase activities detected in extracts of 
minimal-grown mycelium in the present study 
were the same as those previously reported 
(Fincham, 1951). No appreciable glutamate was 
formed in the standard assay system from glycine, 
serine, threonine, lysine or histidine, even when 
pyridoxal phosphate was added. Nor could any 
convincing evidence be obtained for the participa- 
tion of pyruvate in any transamination reaction 
other than the one with glutamate. Small amounts 
of alanine, barely in excess of the control value, 
were formed in one experiment from pyruvate and, 
respectively, aspartate, valine, leucine, isoleucine, 
phenylalanine and methionine, in the presence of 
pyridoxal phosphate. Such small activities might 
well be due to the functioning of glutamate as an 
intermediate since this amino acid is always 
present in traces in mycelial extracts. In particular, 
pyruvate is quite inactive in the ornithine trans- 
aminase system, as judged by the very sensitive 
colorimetric test with o-aminobenzaldehyde (Fin- 
cham, 1953). 

Of the transaminase which 
detectable, aspartic acid transaminase activity was 
always relatively very high, ornithine transaminase 
activity was usually fairly high, while alanine 
transaminase activity was quite variable but 
usually low. The other activities were low, with the 
different amino acids showing consistently the 


activities were 
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following order of effectiveness as amino donors: 
phenylalanine = valine = isoleucine > leucine > nor- 
leucine > norvaline > methionine > «-aminobutyric 
acid>tryptophan (methionine and tryptophan 
were tested in only two experiments). 


Effects of amino acids on transaminase production 
There were two main series of experiments. In 
the first a number of different amino acids were 
substituted for ammonium tartrate as sole N- 
source in the minimal medium. The results of this 
series are not reported in detail, since glutamate 
was estimated less accurately than in later experi- 
ments. The main effects, however, were clear and 
quite consistent with the results of later experi- 
ments and will be referred to in the text. The 
second series was concerned with the investigation 


Table 1. 
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of the effects of amino acids added as supplements 
to ammonium tartrate. The results are shown in 
Table 1. The results of a number of additional 
experiments are shown in Table 2 and Fig. 3. The 
effects of valine, leucine and phenylalanine on 
transaminase production seemed to be greater 
when they were supplied as sole source of nitrogen 
(Table 2), but in general the effects were quali- 
tatively the same whether the amino acids were 
supplied as sole or as supplementary N-sources. 
The effects may be summarized as follows: 

Alanine transaminase activity was generally low 
but rather variable from one preparation to another. 
There seemed to be no consistent effect of added 
amino acid on this enzyme activity, which fluctu- 
ated independently of all other transaminase 
activities which were investigated. 


Effects of amino acids on production of transaminases 


Media 50 ml., with amino acid supplements to 5 x 10-*m concentration. Digests contained, in 0-3 ml., 0-025M «-oxo- 
glutarate, 0-025m L-amino acid as indicated, 0-15 ml. buffered mycelial extract. Incubation at 35° for 60 min. except in 
cases of ‘phenylalanine’ and ‘isoleucine’ extracts where it was 105 and 120 min. respectively. 


Glutamate formed 





’ 





From From In 
Blotted Protein From From From From iso- phenyl- From water 
ak. a8 alanine aspartate valine leucine leucine alanine ornithine control 
Supplement to mycelium extract (umoles) 

‘minimal medium’ (g.) (mg./ml.) A 5 = es 
None 0-30 75 0-2 1-1 0-3 0-3 0-3 0-4 0-7 0-1 
Glutamic acid* 0-35 4-0 0-5 1-0 0-3 0-3 0-3 0-4 0-4 0-1 
Aspartic acid* 0-45 4-0 0-3 1-0 0-2 0-2 0-3 0-3 0-5 0-1 
Arginine HCl 0-44 5-0 0-5 1-0 0-5 0-4 0-5 0-6 1-0 0-1 
Valine 0-22 4-0 0-7 1:3 2-2 1-6 1-9 1-6 1-4 0-1 
Leucine 0-20 4-0 0-2 1-4 1-4 1-0 1:3 1-0 1-0 0-1 
Isoleucine 0-10 1-0 0-2 1-0 1-1 0-8 1-1 1-0 0-8 0-1 
Phenylalanine 0-12 2-0 0-2 1-3 2-7 25 2-5 1-9 1-6 0-1 
Alanine 0-30 3-5 0-3 1-3 0-5 0-4 0-6 0-6 1-0 0-1 


* Half-neutralized with NaOH. 


Table 2. 


Comparison of effects of amino acids as sole N-sources and as supplements to ammonium tartrate 


Volumes of media: Expt. 1, 150 ml.; Expt. 2, 50 ml.; Expt. 3, 75 ml. Concentrations of N-sources: ammonium tartrate 
0-005, valine and leucine 0-01 M, arginine HCl and phenylalanine 0-005. Transamination reaction mixtures as for Table1; 


incubation at 35° for 60 min. 


Glutamate formed 


Pe = = ee eee eon 

From In 

Blotted Protein From From From From _ pheny!l- From water 

By alanine aspartate leucine valine alanine ornithine control 

Expt. mycelium extract (umoles) 

no. N-source (g.) (mg./ml.) —-—-— 9 
1 NH,* 1-43 3-5 0-2 1-1 0-3 0-4 0-4 0-5 0-1 
Phenylalanine 0-10 3-7 0-1 1-0 1-5 —- 1-4 1-3 0-0 
Phenylalanine + NH, 1-02 4-2 0-2 1-0 1-1 1:3 1-1 1-3 0-1 
2 NH,’ 0-35 4-0 0-1 0-6 0-1 0-1 0-1 
Valine 0-12 4-0 0-1 0-9 1-8 1-4 - 0-1 
Leucine 0-10 2-7 0-1 0-7 1-5 - 1-2 . 0-1 
Valine + NH,° 0-24 45 0-4 1-0 1-0 —_— 0-9 — 0-1 
Leucine + NH, 0-20 4-5 0-2 1-1 1-1 - 1:3 — 0-1 
3 NH," 0-40 4-8 0-2 1-2 - 0-3 0-7 0-1 
Arginine 0-40 3-2 0-3 1:3 0-4 = 1-7 0-2 
Arginine + NH, 0-52 4-6 0-4 1-3 0-5 — 1-6 0-2 
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Aspartic acid transaminase activity was usually 
relatively high and showed no consistent relation to 
the composition of the medium. In one case my- 
celium grown on minimal medium gave unusually 
low aspartic acid transaminase activity (Table 2), 
but this did not seem to be a consistent effect. 

Ornithine transaminase activity appeared to be 
stimulated to some extent by a number of ap- 
parently unrelated amino acids. Valine, leucine, 
isoleucine, phenylalanine, alanine and arginine all 
caused an increase in glutamate formation in the 
ornithine transaminase system of the order of 2- to 
3-fold (Tables 1 and 2). Allowance must be made 
for the relatively high protein content of the 
extract of ‘minimal medium’-grown mycelium 
recorded in Table 1). 

The most striking responses to added amino 
acids were shown by the transaminase activities 
for the group of amino acids consisting of valine, 
norvaline, leucine, isoleucine, norleucine, «-amino- 
butyric acid, phenylalanine, tryptophan and 
methionine. Transamination of all these amino 
acids, with the exceptions of methionine and 
tryptophan, were investigated in the preliminary 
series of experiments using amino acids as sole 
sources of nitrogen as well as in the experiment 
illustrated in Fig. 3. Transamination of tryptophan 
was studied in only two experiments, and that of 
methionine in three. All these transaminase 
activities have varied together in a _ parallel 
fashion. Valine, leucine, isoleucine and phenyl- 
alanine all caused striking increases in this group of 
activities. The increase in the amount of glutamate 
formed in the test system was usually about 4- to 
5-fold and sometimes more; this must correspond 
to at least a 5-fold increase in enzyme concentra- 
tion. In two experiments, including the one from 
which Fig. 2 was derived, methionine had a similar 
effect. There was also a suggestion (Table 1) that 
alanine might stimulate this group of activities, 
but the effect, if any, was relatively small. The 
result shown in Fig. 3 is typical of a number of 
experiments where the whole range of transaminase 
activities was investigated. The different amino 
acids showed consistently the following order of 
effectiveness as amino donors: phenylalanine = 
isoleucine = valine > leucine > norleucine > norva - 
line > methionine > «-aminobutyrie acid > trypto- 
phan. The data as a whole are consistent with the 
hypothesis of a single enzyme acting on alternative 
substrates at the following approximate relative 
rates: phenylalanine, isoleucine and valine 100, 


leucine 75, norleucine 65, norvaline 50, methionine 
40, «-aminobutyric acid 30, tryptophan 15. 

The growth of mycelium on valine, leucine, iso- 
leucine and phenylalanine as sole N-sources was 
only 10-20% of that on ‘minimal medium’ in 
48 hr. Even as supplements to ‘minimal medium’, 
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these amino acids inhibited growth, usually to the 
extent of about 30%, but sometimes more, de- 
pending, probably, on the size of the inoculum. 
pu-Methionine, which appeared to have a similar 
effect on transaminase production, was not in- 
hibitory. 
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Fig. 3. Glutamate formation by transamination catalysed 
by two extracts with (not cross-hatched) and without 
(cross-hatched) pyridoxal phosphate at a concentration 
of 47 yg./ml. reaction mixture. Ornithine and aspartic 
acid transaminase activities are practically unaffected by 
the pyridoxal phosphate. 


Effects of pyridoxal phosphate 

In one experiment extracts of two cultures 
grown, respectively, on ‘minimal medium’ and 
‘minimal medium’ plus valine were tested for 
transaminase activities with and without the 
addition of pyridoxal phosphate to a final concen- 
tration of 47yg./ml. of reaction mixture. The 
results are shown in Fig. 3. Aspartic acid and 
ornithine transaminase activities were not appreci- 
ably affected by the addition of pyridoxal phos- 
phate. All the other activities tested for were in- 
creased by the addition of the coenzyme with the 
doubtful exception of tryptophan transaminase 
activity of the extract of valine-grown mycelium. 
The data are consistent with increases of activity 
of the order of 2-fold, or rather more in the case of 
alanine transaminase. Since coenzyme was limiting 
to about the same extent in both extracts, it seems 
that the stimulation of some transaminase activi- 
ties by exogenous valine must be an effect on 
apoenzyme, rather than on coenzyme production. 
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DISCUSSION 


It seems clear that the transaminase activities 
shown by Neurospora extracts must be due to at 
least four different enzymes. 

Aspartic acid transaminase production does not 
seem to be markedly dependent on the composition 
of the medium. Assuming that this transaminase, 
like all others so far investigated in detail, has 
pyridoxal phosphate as coenzyme, the apoenzyme— 
coenzyme complex must be relatively stable. 

The alanine transaminase, judging from its very 
variable, but generally low, activity, is a rather 
unstable enzyme. The striking response of alanine 
transaminase activity to pyridoxal phosphate 
suggests that dissociation of the coenzyme in dilute 
extracts is the general cause of low alanine trans- 
aminase activities. In previous studies (Fincham, 
1951, 1954) alanine was found to be more rapidly 
transaminated by Neurospora extracts than any 
other amino acid. This apparent discrepancy is 
probably to be accounted for by the fact that 
extracts were tested in these previous experiments 
at about four times the concentration used in the 
present work. It seems likely that in extracts of 
mycelium grown without exogenous amino acid 
alanine transaminase is always the most active 
transaminase provided that adequate concentra- 
tions of pyridoxal phosphate are present. 

The ornithine transaminase differs from the 
other transaminases in its pattern of response to 
added amino acids. Valine, leucine, isoleucine, 
phenylalanine, arginine and alanine all appear to 
stimulate its production, though the increases in 
activity were sometimes fairly small. Like the 
aspartic acid transaminase, it had no appreciable 
requirement for pyridoxal phosphate in the one 
experiment where this possibility was tested. It 
was to be expected that ornithine would be trans- 
aminated by a special enzyme since the §-amino, 
rather than the «-amino group, is involved in the 
ornithine transaminase reaction (Fincham, 1953). 

The other transamination reactions to be con- 
sidered may all be catalysed by the same enzyme. 
The main reason for supposing that only one 
enzyme is involved is that the efficiencies of all 
nine amino acids as amino donors have varied 
together in a parallel fashion over as much as a 
20-fold range of activity. Although this argument 
has less force in the cases of methionine and 
especially tryptophan, which have been tested less 
extensively, all the data at present available are 
consistent with the hypothesis of a single trans- 
aminase acting on these amino acids. The second 
reason for supposing that a single enzyme is in- 
volved is that, so far as the experiments go, they 
suggest that all nine activities can be induced by 
the addition to the growth medium of any one of 
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the nine amino acids. This would not be conclusive 
by itself since it is well known that adaptive 
enzyme formation may sometimes be induced by 
substances which are not substrates of the enzyme 
in question (Cohn & Monod, 1953). Taken as a 
whole, however, the data seem to suggest rather 
strongly the existence in N. crassa of a trans- 
aminase of rather wide specificity having pyri- 
doxal phosphate as coenzyme. It remains possible 
that fractionation procedures will reveal that more 
than one enzyme is involved. 

There is no doubt that the growth of Neurospora 
in the presence of certain amino acids permits the 
recovery of certain transaminases in relatively 
high concentration. The mechanism may be similar 
to that involved in the well-known cases of in- 
duction of adaptive enzymes. The fact that most 
of the amino acids which appear to promote trans- 
aminase formation are also somewhat inhibitory 
may, however, suggest that restriction of growth, 
as such, may be the more immediate cause of the 
phenomenon. This seems unlikely for two reasons. 
First, some of the highest activities have been 
obtained from cultures which were inhibited rather 
little (e.g. the valine-supplemented culture, Table 1) 
or not at all (methionine-supplemented cultures in 
two experiments, cf. Fig. 2). Secondly, other kinds 
of culture conditions (e.g. growth on aspartate as 
sole N-source) may restrict growth without leading 
to the recovery of high transaminase activities. 

It should be emphasized that the data given in 
this paper apply only to a single strain of the 
mould. Preliminary experiments indicate that 
other wild-type strains may show rather different 
patterns of transaminase production. 

It is of some interest to compare the transamin- 
ases found in Neurospora crassa with those which 
have recently been reported to occur in a number 
of other organisms. There are few obvious homo- 
logies. Rudman & Meister (1953) report two 
transaminases in Escherichia coli catalysing trans- 
amination between glutamate and (a) phenyl- 
alanine, tyrosine, tryptophan and aspartate and 
(b) isoleucine, norleucine, leucine, valine and 
norvaline. The amino acids in each group trans- 
aminate with others of the same group as well as 
with glutamate, a possibility which has not been 
tested with Neurospora. The same authors also 
detected a valine—-alanine transaminase in Esch. 
coli. The situation in Esch. coli thus seems to be 
quite different from that in Neurospora, a difference 
which might be expected to be reflected in differ- 
ences in the types of amino acid-requiring mutants 
obtainable in the two organisms (cf. Myers & 
Adelberg, 1954). Wilson, King & Burris (1954) 
present data on transaminases in higher plants 
which suggest that, at least in the white lupin, the 
leucine-glutamate, valine-glutamate and pheny!- 
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alanine—-glutamate transaminases are all distinct 
and separable enzymes. In animal tissues specific 
alanine—glutamate transaminases are well known 
(Green, Leloir & Nocito, 1945) and may be similar 
in their properties to the corresponding Neurospora 
enzyme, but ornithine transaminase from rat liver 
(Meister, 1954) is more active with pyruvate than 
with «-oxoglutarate, while the Neurospora enzyme 
does not react with pyruvate. Transaminases 
acting specifically on glutamine and asparagine 
(Meister, Sober, Tice & Fraser, 1952) have not, so 
far as the authors are aware, been looked for in 
Neurospora. 

A number of transamination reactions (e.g. 
histidine-glutamate, glycine—glutamate, threonine— 
glutamate, lysine-glutamate) have been reported to 
be catalysed by extracts of both Esch. coli (Feldman 
& Gunsalus, 1950) and higher plants (Wilson e¢ al. 
1954), although they have not been found to be 
catalysed appreciably by Neurospora extracts. In 
view of the rather striking effects on enzyme pro- 
duction reported in the present paper, it seems 
possible that evidence for additional transaminases 
in Neurospora might be obtained, if special media 
were used. 

Observations parallel in many respects to those 
reported here were made by Roberts, Ayengar & 
Posner (1953) in the case of f-alanine—glutamate 
and y-aminobutyric acid-glutamate transaminase 
activities in Aspergillus fumigatus. Equal stimula- 
tion of both activities was observed when either 
p-alanine or y-aminobutyric acid was used as sole 
source of nitrogen for growth of the mould. 


SUMMARY 


1. The addition of certain amino acids to the 
growth medium of wild-type Neurospora crassa, 
mating-type A, number 126-1, results in increased 
concentrations of certain transaminases in mycelial 
extracts. At least four different enzymes must be 
postulated to explain the effects observed. 

2. The alanine-glutamate transaminase (in the 
absence of added pyridoxal phosphate) has variable 
and generally low activity and is not markedly 
affected in its production by exogenous amino 
acids. 

3. The aspartate—-glutamate transaminase gener- 
ally showed rather high activity which was not 
consistently affected by added amino acids. 
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4. The ornithine-glutamate transaminase ac- 
tivity appears to be stimulated 2- to 3-fold by a 
variety of amino acids including arginine. 

5. Nine other transaminase activities appeared 
to be correlated, and it is suggested that they may 
be properties of a single enzyme which is capable of 
catalysing glutamate formation from, in decreasing 
order of activity, phenylalanine, isoleucine, valine, 
leucine, norleucine, norvaline, methionine, «- 
aminobutyric acid and tryptophan. The production 
of this enzyme, or correlated group of enzymes, is 
increased usually at least 5-fold by the presence in 
the medium of valine, leucine, isoleucine, pheny]- 
alanine or methionine. 

6. The activities of both the alanine—glutamate 
transaminase and the transaminase referred to in 
(5) were stimulated by fortification of the reaction 
mixture with pyridoxal phosphate. The other two 
enzymes showed no response to pyridoxal phos- 
phate. 


Our thanks are due to Roche Products Ltd. for the gift of 
pyridoxal phosphate, to the University College of Leicester 
for a Research Scholarship held by one of us (A. B. B.) and 
to the Nuffield Foundation for a grant. 
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The Synthesis of Porphyrins and Bacteriochlorophyll 
by Cell Suspensions of Rhodopseudomonas spheroides 
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Free porphyrins are formed by growing cultures of 
some bacteria and yeasts under conditions in 
which formation of cytochromes is limited. With 
Corynebacterium diphtheriae, production of both 
porphyrin and toxin is dependent upon the concen- 
tration of iron salts in the medium; increasing this 
beyond a critical point decreases both porphyrin 
and toxin production (Pappenheimer, 1947). Cells 
grown with iron at concentrations sufficiently high 
to prevent accumulation of porphyrin contain 
considerably more cytochrome than those grown 
under conditions favouring porphyrin formation 
(Pappenheimer & Hendee, 1947; Rawlinson & 
Hale, 1949). Bacillus cereus excretes porphyrin 
(probably coproporphyrin) into the media when 
grown anaerobically, but only traces of porphyrin 
occur in aerobic cultures; the concentration of 
haem compounds in the cells grown anaerobically 
is considerably smaller than in those from aerobic 
cultures (Schaeffer, 1952a,b). There have been 
many observations of porphyrin formation by 
yeasts (see Lemberg & Legge, 1949). Stich & 
Eisgruber (1951) found that the amount of copro- 
porphyrin Type I in cells of Saccharomyces ana- 
mensis is increased 5- to 10-fold by addition of 
pantothenate to the growth medium, while addition 
of riboflavin completely suppresses porphyrin 
formation. Cells grown under conditions which 
favour porphyrin formation contain little or no 
haem derivatives, whereas those grown with ribo- 
flavin and iron are rich in these substances. 

Porphyrins may also be precursors of chloro- 
phyll. Induced mutant strains of Chlorella, which 
are unable to synthesize chlorophyll, form large 
quantities of protoporphyrin, as well as magnesium 
protoporphyrin and magnesium vinyl pheophytin 
a,, when grown in the dark on a glucose-—salts 
medium (Granick, 1948a,b, 1950). Another 
mutant produces a number of porphyrins con- 
taining up to eight carboxyl groups in each mole- 
cule, those with two such groups being predominant 
(Bogorad & Granick, 1953a; Granick, Bogorad & 
Jaffe, 1953). 

These observations of porphyrin formation by 
micro-organisms have been made with growing 


* Member of Scientific Staff, Medical Research Council. 


cultures and there is little information concerning 
the substrates used in the synthesis. Most of the 
present knowledge concerning formation of por- 
phyrin and haem has come from experiments with 
red blood cells or haemolysates ; isotopic techniques 
have shown that the initial stage of porphyrin 
synthesis is probably the condensation of glycine 
(or a derivative) with an unsymmetrical C,- 
compound derived from «-oxoglutarate resulting 
from utilization of acetate by the tricarboxylic acid 
cycle. Such work has been reviewed by Shemin 
(1955) and Granick (1954). Experiments with 
isotopically labelled 5-aminolaevulic acid (ALA) 
give strong evidence that it is a product of the 
condensation (Shemin & Russell, 1953; Neuberger 
& Scott, 1953). This compound is converted into 
porphyrins by haemolysates and cell-free extracts 
of avian erythrocytes (Dresel & Falk, 1953; 
Shemin, Abramsky & Russell, 1954). The mono- 
pyrrole, porphobilinogen (PBG), is probably an 
intermediate in this reaction. Falk, Dresel & 
Rimington (1953) found it to be converted into 
porphyrin by chick haemolysates; it is also formed 
together with porphyrins when the haemolysates 
are incubated with ALA (Dresel & Falk, 1953). An 
enzyme, 5-aminolaevulic acid dehydrase, which 
catalyses the conversion of ALA into PBG, is 
widely distributed in animal tissues and is present 
in some bacteria (Gibson, Neuberger & Scott, 
1954; Gibson, 1955; Schmid & Shemin, 1955). 

It seems likely that there are similar pathways 
in micro-organisms. [!N]Glycine is incorporated 
specifically into the free porphyrins and _ intra- 
cellular haems of C. diphtheriae (Hale et al. 1950). 
Both glycine and acetate have been shown by 
isotopic techniques to be precursors of chlorophyll 
in the alga, Chlorella vulgaris (Della Rosa, Altman 
& Salomon, 1953). Recently Bogorad & Granick 
(1953 b) have described the formation of porphyrins 
from PBG by cell preparations of Chlorella. 

The aim of the present work was to study some of 
the factors affecting formation of free porphyrin by 
micro-organisms from glycine and «-oxoglutarate 
and from ALA. Photosynthetic bacteria were 
chosen since they have potent systems for.forming 
the porphyrin nucleus; not only do they form 
bacteriochlorophyll but they are also rich in haem 
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derivatives (Elsden, Kamen & Vernon, 1953; 
Vernon & Kamen, 1954; Elsden, 1954). 

The work has been carried out with Rhodo- 
pseudomonas spheroides, a member of the group 
Athiorhodaceae. The physiology and metabolism 
of these organisms has been described in detail by 
van Niel (1941, 1944, 1954), Gest (1951) and Elsden 
(1954). Earlier experiments showed that cultures 
of Rps. spheroides contain considerable amounts of 
free porphyrin when grown in the light on media 
deficient in iron salts (Lascelles, 1955). 


EXPERIMENTAL 


Organism 


The strain of Rps. spheroides used was obtained from 
Dr S. R. Elsden and came originally from the collection of 
Professor C. B. van Niel. It was maintained in stab 
culture in medium S (see below) supplemented with Difco 
yeast extract (0-2%, w/v) and agar (1-5%, w/v). These 
were subcultured monthly and incubated for 40 hr. in the 
light at 32-34°; they were stored at 2°. 


Medium 


Cells for experiments with cell suspensions were har- 
vested from the chemically defined medium S, which con- 
tained per litre final vol. : sodium L-glutamate monohydrate, 


38g.; puL-malic acid, 2-7g.; KH,PO, and K,HPO,, 
500 mg. each; (NH,),HPO,, 800mg.; MgSO,,7H,0, 


200 mg.; CaCl, , 40 mg.; nicotinic acid and thiamine hydro- 
chloride, 1 mg. each; biotin, 10 ug. The pH was adjusted to 
6-8 with n-NaOH. The medium was sterilized by auto- 
claving for 10 min. at 10 Ib./sq.in. 


Growth of organism 


Light-grown cultures. Unless otherwise stated, experi- 
ments were with cells which had been grown in medium S 
in the light under semi-anaerobic conditions. The cultures 
were grown in 8 oz. medical flat bottles filled to the 
shoulder (200 ml. medium) and plugged with cotton wool. 
Each bottle was sown with 0-8 ml. (about 108 cells) of a 
24 hr. culture grown in the light in medium S plus 0-2% 
(w/v) Difeo yeast extract; this was derived in turn from a 
40 hr. light-grown stab culture in the same medium plus 
1:5%% (w/v) agar. Incubation in the light was carried out in 
a cupboard illuminated with banks of tungsten lamps 
(40-60 w); the temperature was maintained between 32 
and 34° by a fan and by adjustment of air vents. The 
intensity of light falling on the cultures was between 200 
and 250 ft.c. 

The bottles were incubated until the end of the logar- 
ithmic phase of growth (usually 24 hr.); the yield of cells 
was about 1 mg. dry wt./ml. culture. Cells obtained from 
cultures grown anaerobically in completely filled stoppered 
bottles behaved similarly to those grown under the semi- 
anaerobic conditions normally used. 

Aerobic growth in the dark. Aerobic cultures (50 ml.) were 
grown in tubes shaped like an inverted T, similar to those 
described by Monod, Cohen-Bazire & Cohn (1951), except 
that the horizontal limb was of 3-5 em. external diameter 
and 19 em. long. After inoculation with 0-2 ml. of a light- 
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grown culture developed as described above, the vessels 
were clamped to a rocking device (see van Heyningen & 
Gladstone, 1953) and shaken (36 oscillations/min.) in a 
water bath at 34° for 24 hr. The yield of cells was about 
1 mg. dry wt./ml. 

Continuous aeration by shaking was required and only 
very slight growth occurred in unshaken Roux bottles. In 
early experiments the cultures were protected from the 
light by covering the tubes with black cloth. This was later 
found to be unnecessary as the light intensity under 
laboratory conditions was not sufficient for photo-synthetic 
growth. 


Procedures for the study of porphyrin synthesis 


Harvesting of cultures. The cells were centrifuged, washed 
in half the original culture volume of 0-85 % (w/v) NaCl and 
finally suspended in water to give 6-10 mg. dry wt./ml. 
The dry weight was determined by heating the samples to 
constant weight at 90-100°. 

Synthesis from glycine. The washed cells were suspended 
at a final concentration of 0-6-1-2 mg. dry wt./ml. in 
mixture I which had the following composition: glycine, 
0-O1lmM; sodium «-oxoglutarate, 0-01M; sodium fumarate, 
0-02m; (NH,),HPO,, 0-003mM; MgSO,, 8 x 10-4m; MnSO,, 
5 x 10-®m; CaCl,, 4 x 10-4m; potassium phosphate buffer, 
pH 6-8, 0-006m. The pH rose from 6-8 to about 8-2 during 
the experimental period. Unless stated otherwise, all 
incubations were in the light for 20-24 hr. at 32-34° in 
12 x 150 mm. tubes containing 10 ml. reaction mixture. 
Experiments carried out anaerobically in Thunberg tubes 
filled with H, or N, gave the same results as those under the 
usual semi-anaerobic conditions. 

Aerobic incubation in the dark was in tubes shaped like 
an inverted T, the horizontal limb being 150 mm. long and 
18 mm. wide (Monod eé al. 1951); these contained 5 ml. 
reaction mixture. They were shaken at 34° as described 
above. Protection of the suspensions from the laboratory 
light was unnecessary. 

Synthesis from 8-aminolaevulic acid. The washed cells 
were suspended to a final concentration of 1-1-3 mg. dry 
wt./ml. in mixture II, which had the following composition: 
§-aminolaevulic acid hydrochloride, 2x 10-*m; MgSO,, 
8x10-4m; phosphate buffer pH 6-9, 0-1m, prepared from 
0-2m-Na,HPO, and KH,PO,. The reaction mixtures 

2-5 ml.) were incubated in the light cupboard in Thunberg 

tubes filled with H,. Aerobic incubation in the dark was 
under the same conditions as those described for the 
experiments with glycine. 


Identification and estimation of porphyrins etc. 


Identification of porphyrins. The porphyrins formed by 
the cells passed out into the suspending fluid; no free 
porphyrin was detected in the cells after they had been 
centrifuged and washed free of the supernatant fluid. 
After each experiment the supernatant fluids were ex- 
amined with a hand spectroscope. More accurate determi- 
nations of the wavelengths of the bands in the visible 
spectrum were made with a Hartridge reversion spectro- 
scope (R. and J. Beck Ltd., London, W. 1). 

The component porphyrins of the mixture formed were 
identified by the paper-chromatographic methods of 
Nicholas & Rimington (1949, 1951), Eriksen (1953), Chu, 
Green & Chu (1951) and Falk & Benson (1953). After 
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adjusting the supernatant fluid to pH 1 with 2N-HCl the 
mixed porphyrins were adsorbed on Filter-Cel (Johns- 
Manville Co. Ltd., Artillery Row, London, 8.W. 1). The 
porphyrins were eluted with 2N-NH,OH for chromato- 
graphic separation by the methods of Nicholas & Rimington 
or of Eriksen. Before applying the methods of Chu e¢ al. 
and of Falk & Benson the adsorbed porphyrins were esteri- 
fied by treating the Filter-Cel overnight at 0° with methanol 
previously saturated with dry HCl. The esters were ex- 
tracted with chloroform and the chloroform solutions were 
washed and applied to the chromatograms. Pure specimens 
of the methyl esters of coproporphyrin I and III, uro- 
porphyrin I and III, and protoporphyrin IX were kindly 
provided by Professor C. Rimington. Where necessary, 
they were converted into the free porphyrin as described by 
Nicholas & Rimington (1951). 

Estimation of porphyrins. The cells were removed by 
centrifuging and the porphyrin concentration in the super- 
natant was determined spectrophotometrically at 403 my. 
after dilution with 1-4N-HCl. Measurements of optical 
density were made with the Unicam SP. 500 or SP. 600 
spectrophctometer. The values were usually expressed in 
terms of coproporphyrin III, since this was the major 
component of the porphyrin mixture formed under the 
conditions described. The concentrations were calculated 
from the extinction coefficients for this compound in 
1-4n-HCl (Jope & O’Brien, 1945). 

In some experiments the ratio of uro-, copro- and proto- 
porphyrin was determined by fractionation similar to that 
used to separate the porphyrins formed by haemolysates 
(Dr J. E. Falk, personal communication; Dresel & Falk, 
1956). Portions of the whole reaction mixture (cells and 
suspending fluid) were extracted, since protoporphyrin, 
when formed, tended to come out of solution and to centri- 
fuge out with the cells. After adjusting to pH 4 with 
glacial acetic acid, the mixture was extracted with ethyl 
acetate. The uroporphyrin in the aqueous residue (together 
with the washings from the ethyl acetate extract) was 
extracted by the method of Dresel & Tooth (1954). The 
ethyl acetate phase was washed with 0-6m sodium acetate 
and water and the porphyrins were removed by shaking 
with 4-2N-HCl. The acid extract was adjusted to pH 4 with 
saturated sodium acetate and shaken with ether. After 
washing, the ethereal layer was extracted first with 
0-3N-HCl, which removed the coproporphyrin, and then 
with 1-4N-HCl to obtain the protoporphyrin. 

The porphyrin concentration in the HCl fractions was 
determined spectrophotometrically at the Soret maxima 
using the correction factors of Rimington & Sveinsson 
(1950). The results were calculated from the extinction 
coefficients reported by these workers for uroporphyrin, 
by those of Jope & O’Brien (1945) for coproporphyrin and 
those of Grinstein & Wintrobe (1948) for protoporphyrin 
IX. 

Estimation of porphobilinogen. This was determined by 
reaction with Ehrlich’s aldehyde reagent (Vahlquist, 1939; 
Cookson & Rimington, 1954). 

Estimation of bacteriochlorophyll. The method was essen- 
tially that of van Niel & Arnold (1938) and was applied to 
the cells after they had been separated by centrifugation. 
The absorption of the bacteriopheophytin was measured at 
750 mp. (the maximum) instead of at 667-5mp. The 
molecular extinction at 750 my. (1 cm. length) was calcu- 
lated to be 3-8 x 104 from measurements of the absorption 
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at this wavelength of preparations of bacteriopheophytin, 
the concentration of which had been determined by follow- 
ing exactly the method of van Niel & Arnold. 

Estimation of intracellular haem. The bacteriochlorophyll 
was extracted from washed cells by stirring with methanol 
(30 ml./50 mg. dry wt. cells) and centrifuging; this was 
repeated twice. The carotenoids were then extracted in the 
same way with acetone. The extracted cells were suspended 
in water and the haem content was determined by the 
pyridine haemochromogen method of Elliott & Keilin 
(1933). These analyses were kindly carried out by Dr W. E. 
van Heyningen. 


Manometric experiments 


The conventional Warburg technique was used in mano- 
metric experiments. The manometer vessels (approx. 
30 ml. volume) were incubated in a bath at 34°, illuminated 
from above with a bank of 100 w tungsten filament lamps. 


Chemicals 

§-Aminolaevulic acid hydrochloride and porphobilinogen, 
the latter isolated from human urine after ingestion of 
ALA (Berlin, Gray, Neuberger & Scott, 1954), were 
generously provided by Dr A. Neuberger and Dr J. J. Scott. 
Solutions of ALA hydrochloride were kept at -— 20° and 
were added to reaction mixtures without neutralization 
when used at concentrations of 0-002m or less; with 
higher concentrations equivalent amounts of NaOH 
were also added just before mixing. Solutions of PBG 
were prepared immediately before use by dissolving in 
a minimum volume of 0-1N acetic acid and neutralizing 
with 0-05n-NaOH. 

Stock solutions of iron citrate (0-004M) were prepared 
by dissolving 157 mg. (NH,).Fe(SO,).,6H,O and 236 mg. 
sodium citrate (dihydrate) in 100 ml. of water. Other 
compounds were commercial products. The sodium salts of 
carboxylic acids were used. 


RESULTS 


Porphyrin formation from glycine, 
a-oxoglutarate and fumarate 


Course of the reaction. Cells harvested from 
cultures grown in the light formed considerable 
amounts of porphyrin when incubated in the light 
in mixture I (containing inorganic salts, glycine, 
a-oxoglutarate and fumarate). Porphyrin forma- 
tion occurred after an initial lag period which 
varied in different experiments from 2 to 8 hr., and 
then continued at a linear rate for periods up to 
20 hr. or more (Fig. 1a). The amount of porphyrin 
formed varied with different cell suspensions, but 
usually the concentration reached after incubation 
for 24 hr. was between 140 and 230 .m-moles/ml. 
reaction mixture (170-290 .m-moles/mg. dry wt. 
cells). Assuming that eight molecules of glycine 
and eight of «-oxoglutarate are utilized in the 
formation of one molecule of porphyrin, the yield in 
the standard system varied between 11 and 18% 
of the theoretical value. 
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During incubation in mixture I the bacterio- 
chlorophyll in the cells increased 1-5- to 2-fold 
(Fig. la); the opacity of the suspensions was 
doubled. 
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Fig. 1. (a) Rate of synthesis in light, of porphyrin (full 
lines) and of bacteriochlorophyll (broken lines) by light- 
grown cells (1-1 mg. dry wt./ml.); and (6) rate of syn- 
thesis in light by aerobic, dark-grown cells (0-7 mg. dry 
wt./ml.). Incubation in mixture I, O—O or O---O; 
incubation in mixture I with 2 x 10-m ALA replacing 
glycine and «-oxoglutarate, @—®@ or @- - -@. 
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Fig. 2. Effect of concentration of glycine (@), «-oxo- 
glutarate (OQ) and fumarate ( x ) on porphyrin synthesis. 
The cells (0-7 mg. dry wt./ml.) were incubated for 24 hr. 
in the light in mixture I with different concentrations of 
substrates. 

Substrates required for porphyrin synthesis. The 
omission of glycine, «-oxoglutarate or fumarate 
from mixture I reduced synthesis to 20% or 
less; in the absence of both glycine and «-oxoglu- 
tarate little or no porphyrin was formed (Fig. 2; 
Table 1). 
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The amount of porphyrin formed increased as 
the concentration of glycine was raised from 
0-0025™ to 0-01™; at concentrations above 0-01 M it 
became inhibitory (Fig. 2). Similar concentrations 
of glycine also inhibit growth of the organism in 
medium S. 

With the exception of threonine, no amino acid 
out of 15 tested replaced glycine in mixture I. 
Some porphyrin (about 20% of that formed in 
mixture I) was synthesized when pt-threonine 
(002m) was substituted for glycine: this suggests 
that threonine may be a precursor of glycine in 
Rps. spheroides as well as in animal tissues (Krasna, 
Peyser & Sprinson, 1952; Chao, Delwiche & 
Greenberg, 1953). Since serine did not replace 
glycine, the organism is apparently unable to 
convert serine into glycine ; this reaction accounts for 
the incorporation of serine into haem by duck 
erythrocytes (Shemin, London & Rittenberg, 1950). 
Sodium glyoxylate and sodium glycollate (each 
tested at 0-01 and 0-001m) were completely in- 
active: they are precursors of glycine in a mutant 
strain of Neurospora (Wright, 1951) and in animal 
tissues (Weissbach & Sprinson, 1953). 





Table 1. Requirements for porphyrin synthesis 
from glycine 


The complete system contained cells (0-6 mg. dry wt./ml.) 
suspended in 10 ml. of mixture I (see Experimental). 
Incubation: 24 hr., light. ‘ 
Porphyrin formed 


Component(s) omitted (um-moles/ml.) 


Nil 125 
Glycine 7 
a-Oxoglutarate 18 
Glycine and «-oxoglutarate 3 
Fumarate 21 
MgSO, 1 
MnSO, 18 
(NH,),HPO, 20 
CaCl, 100 


Both «-oxoglutarate and fumarate were needed 
for maximum formation of porphyrin, though con- 
siderable synthesis occurred in the presence of high 
concentrations (0-02m) of «-oxoglutarate alone 
(Fig. 3). Little porphyrin was formed from fumarate 
alone, but it reduced the requirement for «- 
oxoglutarate. 

Only succinate, of a number of carboxylic acids 
tested, showed activity similar to that of «- 
oxoglutarate; apart from L-glutamate, which had 
about 60% of the activity of «-oxoglutarate, the 
other carboxylic acids were much less active 
(Table 2, Expt. a). Fumarate, however, could be 
replaced equally well by succinate or lactate, while 
malate, oxaloacetate and pyruvate were only 
slightly less active (Table 2, Expt. 6). Acetate was 
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ineffective and became inhibitory at concentrations 
greater than 0-01; it also inhibited synthesis from 
a-oxoglutarate plus fumarate. Incubation in 
atmospheres containing CO, (5% in H, or N,) had 
no effect on synthesis with or without fumarate. 
Effect of NH,+, Mg?+ and Mn?+. The optimum 
concentration of NH,+ was 4 x 10-*m, and omission 


Porphyrin (mu-moles/ml.) 
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Fig. 3. Effects of different concentrations of «-oxoglutarate 
and fumarate. The cells (0-7 mg. dry wt./ml.) were incu- 
bated for 24 hr. in the light in mixture I with various 
concentrations of «-oxoglutarate and without fumarate 
(A), or with 5, 10 and 20 pmoles/ml. fumarate in B, C and 
D respectively. 
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of NH,* reduced synthesis to 20 % or less (‘Table 1); 
(NH,),HPO, or (NH,).SO, were equally effective as 
sources of ammonium ion. 

No porphyrin formation occurred in the absence 
of Mg?+; omission of Mn?+ reduced synthesis to 
about 20% (Table 1). The concentration of Mg?+ 
required for maximum synthesis (5 x 10-*M) was 
500 times greater than that for Mn?+ (10-®m). The 
following ions (each tested at 10-°m) neither 
replaced Mn?+ nor affected porphyrin formation in 
mixture I: Pb?+, Co?+, Cu?+ and Zn?+. Ca?+ was 
included in mixture I, since it is needed for growth 
of Rps. spheroides as well as for other members of 
the Athiorhodaceae (Foster, 1944). Its omission 
from mixture I sometimes, but not always, reduced 
synthesis slightly (Table 1). 

Effect of iron salts. Addition of iron citrate or 
ferrous ammonium sulphate to mixture I almost 
completely suppressed porphyrin formation (Fig. 4). 
There was no simple relationship between the con- 
centration of added iron and the amount of por- 
phyrin which failed to appear. For instance, in the 
experiment of Fig. 4 addition of 1, 2 and 4 .m-moles 
of iron citrate/ml. reduced porphyrin formation by 
14, 96 and 146 pm-moles respectively. The effect of 
iron differs, therefore, from that found with 
cultures of C. diphtheriae, where one equivalent of 
porphyrin failed to appear for each equivalent of 
iron added (Pappenheimer, 1947). 

Formation of bacteriochlorophyll was increased 
by the addition of iron, the concentration required 
to show this effect being similar to that which 





Table 2. 


Effect of various carboxylic acids on porphyrin synthesis from glycine 


Cells (0-7 mg. dry wt./ml.) were incubated for 24 hr. in the light in mixture I without «-oxoglutarate (system a) or 


without fumarate (system b) with the additions shown. 


The acids were added as their sodium salts. 


Porphyrin 
Concn. formed 
System Addition (M) (um-moles/ml.) 

(a) Fumarate (0-02M) present, Nil _ 18 
but no «-oxoglutarate a-Oxoglutarate 0-01 141 
Succinate 0-01 120 

pL-Malate 0-01 27 

Oxaloacetate 0-01 31 

Lactate 0-01 32 

Pyruvate 0-01 46 

Acetate 0-01 37 

L-Aspartate 0-01 26 

L-Glutamate 0-01 86 

(b) «-Oxoglutarate (0-01m) present, Nil oo 22 
but no fumarate Fumarate 0-02 141 
Succinate 0-02 139 

DL-Malate 0-02 116 

DL-Malate 0-04 61 

Oxaloace:ate 0-02 120 

Lactate 0-02 147 

Pyruvate 0-02 120 

Acetate 0-01 80 

Acetate 0-02 16 

L-Aspartate 0-02 40 

L-Glutamate 0-02 30 
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reduced porphyrin synthesis (Fig. 4). However, 
the increase in bacteriochlorophyll accounted for 
only a small proportion of the porphyrin which 
failed to appear; in the presence of 10-5m ferric 
citrate porphyrin formation was reduced about 
100-fold, while bacteriochlorophyll formation was 
increased only 8- to 10-fold (Fig. 4). 
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Ferric citrate (um-moles/ml.) 


Fig. 4. Effect of iron citrate on synthesis of porphyrin (@) 
and bacteriochlorophyll (O). The cells (0-6 mg. dry wt./ 
ml.) were incubated for 24 hr. in the light in mixture I 
with addition of iron citrate. 


Light-grown cells of Rps. spheroides contain 
cytochrome pigments (Vernon & Kamen 1954), 
and it was possible that in the presence of iron the 
porphyrins were converted into cytochromes or 
other haem compounds. The increase in intra- 
cellular haems was therefore determined in cells 
incubated in mixture I with and without addition of 
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iron citrate. The haem concentration was increased 
4-fold by incubation with iron, but again this was 
insufficient to account for the decrease in por- 
phyrin formation. Some loss of haem occurred in 
cells incubated without iron (Table 3). 

Effects of vitamins of the B-group. Rps. spheroides 
needs nicotinic acid, thiamine and biotin for growth 
(Hutner, 1946, 1950) and medium S contained 
each of these in excess of the requirements for 
maximum growth. Porphyrin formation by cells 
grown in this medium was not increased by the 
addition of these vitamins to mixture I, since they 
were probably rich in these compounds or in 
more complex related substances (Table 4). The 
dependence of porphyrin synthesis on each factor 
was shown by using cells deficient in one or other of 
them. Such cells were obtained by growth in 
medium S containing suboptimal concentrations of 
the vitamin in question; the critical concentration 
of each had been determined in preliminary growth 
experiments. The concentration of each factor used 
was sufficient to give about 80% maximum growth 
after incubation for 40hr.; cultures grown in 
media S with the normal concentration of each 
vitamin attained the same growth in 24 hr. 

Porphyrin formation in mixture I by cells 
deficient in any one of these three vitamins was 
negligible; addition of the appropriate factor 
partially or fully restored synthetic ability 
(Table 4). 

Addition to mixture I of the following com- 
pounds (each tested at 10-*m) did not affect por- 
phyrin formation: calcium pantothenate, ribo- 
flavin, pyridoxine, pyridoxal, p-aminobenzoic acid, 
pteroylglutamic acid, leucovorin, D1L-6-thioctic 
acid. Vitamin B,. (2 myg./ml.) was also without 
effect. No attempts were made to deplete the cells 
of these factors, all of which the organism can 
presumably synthesize. 





Table 3. Effect of iron citrate on the synthesis of porphyrin, bacteriochlorophyll and intracellular haems 


Cells (0-8 mg. dry wt./ml. reaction mixture) were suspended in mixture I and the suspension was divided into 3 parts 
(A, Band C; 60 ml. each). The suspensions were distributed in 10 ml. quantities in tubes (14 mm. diameter) and incubated 
under the conditions stated. The contents of each set of tubes were pooled and samples (10 ml.) were removed for the 
determination of porphyrin in the supernatant and of bacteriochlorophyll in the cells. The remainder of each suspension 
was centrifuged and the cells were washed once with 50 ml. 0-85% (w/v) NaCl. After treatment of the cells to remove 
the photosynthetic pigments (see Experimental) the extracted cells were suspended in 5 ml. water, samples were removed 
for determination of dry wt. and the remainder was used for the estimation of haem. 


Porphyrin derivative 
(um-moles/mg. dry wt. cells) 


Bacterio- 


Suspension Incubation conditions Porphyrin chlorophyll Haem* 
A No incubation 0 10 1 
B Light; 24 hr. in mixture I 225 12 0-5 
Cc As B, with 10-5 iron citrate added 3 28 4 


* Concentration of haem in um-moles/mg. dry wt. extracted cells. 
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S4 

Effect of light and oxygen with light-grown cells. 
Porphyrin formation occurred only when the 
suspensions were incubated in the light. Anaerobic 
conditions were also essential for maximum 
synthesis; oxygen almost completely prevented 
porphyrin formation in the light, while in the dark 
no synthesis at all occurred in atmospheres of air, 
N, or H, (Table 5). The light-grown cells, however, 
oxidized both «-oxoglutarate and fumarate, when 
incubated aerobically in the dark. 
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porphyrin and bacteriochlorophyll (Fig. 16 and 
Table 5), but only after a lag period. The length 
of this delay varied from 8 to 24 hr. with different 
batches of cells; it was always much longer than 
the lag period observed with the light-grown cells 
(see Fig. la). Formation of bacteriochlorophyll 
always preceded the appearance of porphyrins; 
these were formed only after the concentration of 
bacteriochlorophyll had approached its maximum 
value (Fig. 16). 


Table 4. Effect of deficiency of B-group vitamins on porphyrin synthesis 


Normal cells were grown for 24 hr. in the light in medium S (see Experimental), which contained nicotinic acid, thiamine 


and biotin at 8 x 10-*, 3 x 10-* and 4 x 10-§ respectively. 


Deficient cells were grown in a similar medium for 40 hr. but 


with 5 x 10-§m nicotinic acid, 10-8m thiamine or 10-® biotin. The cells (1 mg. dry wt./ml.) were incubated for 21 hr. in 
the light in mixture I (containing glycine and «-oxoglutarate) or in mixture II (containing ALA) with the supplements 
shown; these were added to give the same final concentration as were normally present in medium S. 


Porphyrin formation (u~m-moles/ml.) 





Mixture I Mixture I 





Cells* Supplement 
Normal Nicotinic acid 

+ thiamine + biotin 
N- Nicotinic acid 
T- Thiamine 
B- Biotin 


wnn 


Unsupplemented Supplemented meee Supplemented 
160 


160 140 134 
50 133 122 
88 130 135 

153 140 145 


* N-, T- and B- denotes cells deficient in nicotinic acid, thiamine and biotin respectively. 


Table 5. 


The cells were incubated at 34° for 24 hr. in Warburg manometers in 2- 


Dry wt. cells: Expt. 1, 0-6 mg./ml.; Expt. 2, 0-8 mg./ml. 


Effect of light and oxygen on synthesis from glycine and «-oxoglutarate 


5 ml. mixture I under the conditions shown. 


Porphyrin 
Expt. Incubation formed 
no. Type of cells conditions (um-moles/ml.) 

1 Grown in light; semi-anaerobic Light—H, 159 
(see Experimental) Light—N, 173 

Light—Air 3 

Dark—H, 0 

Dark—Air 0 

2 Grown in dark; aerobic Light—H, 80 
Dark—H, 0 

Dark—Air 0 


Synthesis by cells grown aerobically in the dark. 
Rps. spheroides grows aerobically (though not 
anaerobically) in the dark on medium S almost as 
well as it grows anaerobically in the light, provided 
that the cultures are aerated. The aerobically 
grown cultures contain no bacteriochlorophyll and 
little or no carotenoid, but these pigments are 
rapidly developed when the cultures are trans- 
ferred to the light and incubated anaerobically 
(van Niel, 1944). 

Cells harvested from dark, aerobic cultures 
formed no porphyrin when incubated in mixture I 
in the dark, either aerobically or anaerobically 
(Table 5). However, when such cells were incu- 
bated anaerobically in the light they formed both 


Iffect o of inhibitors. Cyanide, azide, 2:4-dinitro- 
phenol, arsenite, p-chloromercuribenzoate and 
streptomycin all strongly inhibited porphyrin 

synthesis from glycine and «-oxoglutarate (Table 6). 

Streptomycin prevents chlorophyll formation in 
Eugelena gracilis at concentrations which permit it 
to grow in the dark (Provasoli, Hutner & Schatz, 
1948; Lwoff & Schaeffer, 1949). Growth of Rps. 
spheroides is, however, equally sensitive to inhibi- 
tion by streptomycin under anaerobic-light and 
aerobic-dark conditions. 

Malonate inhibited porphyrin synthesis at con- 
centrations similar to those of the dicarboxylic 
acids present in mixture I (Table 6). It inhibits the 
incorporation of methylene-labelled succinate into 
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the haem of duck erythrocytes, but does not effect 
the incorporation of carboxy-labelled succinate 
(Shemin & Kumin, 1952). 


Metabolism of «-oxoglutarate and 
fumarate by cell suspensions 


Since NH,*, Mg?*+ and Mn?* are all needed for 
porphyrin formation from glycine and «a-oxoglu- 
tarate, the question arises whether they are 
specifically required in the reactions leading to 
porphyrin or whether their function is in other 
metabolic reactions linked to the synthetic system. 
Examination was made therefore of their effect on 
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the metabolism of «-oxoglutarate and fumarate by 
the cell suspensions under conditions where no 
porphyrin formation occurred. 

The cells liberated carbon dioxide from «-oxo- 
glutarate and fumarate when incubated in the 
light, but not in the dark, under H, or N, (Fig. 5a, 
b). The cells did not evolve H, from these sub- 
strates, since they had been grown on medium S 
which contained ammonium salts. Rps. spheroides, 
like other members of the Athiorhodaceae, liber- 
ates H, in the light from dicarboxylic acids only 
when grown in the absence of ammonium salts 
(Gest, Kamen & Bregoff, 1950; Gest, 1951). 





Table 6. Effect of inhibitors on porphyrin formation 


Cells (0-8 mg. dry wt./ml.) were incubated in the light for 24 hr. in mixture I (containing glycine and a-oxoglutarate) 
or in mixture ITI (containing ALA) with the inhibitors shown. 


% Inhibition of porphyrin 
synthesis in 








See ee = 
Inhibitor Conen. Mixture I Mixture II 
Potassium cyanide 10-3m 94 55 
Hydrazine 10-°m 45 0 
Sodium azide 10-3m 98 0 
2:4-Dinitrophenol 10-°m 99 2 
Sodium arsenite 10-3m 98 0 
p-Chloromercuribenzoate 4x10-5m 100 — 
10-*m 100 100 
Streptoraycin sulphate 14yg./ml. 90 0 
110 yg./ml. 100 17 
550 wg./ml. 100 35 
Sodium malonate 2x10-?m 50 —- 
Sodium malonate 4x10-?M 75 — 
200 O 
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Fig. 5. 


(a) Evolution of CO, from «-oxoglutarate, and (b) from fumarate. The complete systems (2-5 ml. final vol.) 


contained cells (2mg. dry wt./ml.), 0-1M-NaK phosphate buffer pH 6-9 and 8 x 10-*m-MgSO, together with: 
(a) 4 x 10-3 «-oxoglutarate, 5 x 10-§m-MnSO, and 3 x 10-?m-(NH,),.HPO, ; (b) 4 x 10-°m fumarate. Incubation was 
in the light in N,. 
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The maximum rate of CO, evolution from «- 
oxoglutarate occurred only in the presence of 
NH,*, Mg?+ and Mn**, omission of any one of these 
reducing the rate by one-third or more (Fig. 5a). 
Neither NH,*+ nor Mn?* affected the rate of CO, 
production from fumarate; Mg?+ was, however, 
highly stimulatory (Fig. 50). 

Iron citrate (10-'m) did not affect the rate of 
CO, evolution from either «-oxoglutarate or 
fumarate when added to the complete system con- 
taining phosphate buffer, Mg?+, Mn?+ and NH,*. 


Porphyrin synthesis from §-aminolaevulic acid 

6-Aminolaevulic acid (ALA) was actively con- 
verted into porphyrins when substituted for glycine 
and «-oxoglutarate in mixture I; it behaved as if it 
were an intermediate in porphyrin synthesis from 
these compounds since (a) it completely replaced 
both glycine and «-oxoglutarate (Fig. la), (b) the 
concentration needed for maximum synthesis was 


Table 7. Eatent of conversion of 8-aminolaevulic 


acid into porphyrin 
Cells (1-1 mg. and 0-8 mg. dry wt./ml. in Expts. 1 and 2 
respectively) were suspended in mixture IT with different 
concentrations of ALA. Incubation: 24 hr. under H, in the 


light. 
Porphyrin formed 





ALA (um-moles/ml.) % Conversion* 
(p-moles/ A ee i Be. 
ml.) Expt. 1 Expt.2 Expt.1 Expt. 2 
0 0 0 — —— 
0-05 4 — 64 - 
0-10 8 — 64 - 
0-20 14 — 56 — 
0-50 34 45 54 72 
1-0 75 90 60 72 
2-0 150 184 60 74 
4-0 188 185 38 37 


* Calculated on the assumption that 8 molecules of 
ALA are converted into 1 of porphyrin. 
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less than the required concentrations of glycine and 
«-oxoglutarate (Fig. 2 and Table 7), and (c) it was 
converted into porphyrins withour lag and at a rate 
equal to or exceeding that attained in the glycine- 
«-oxoglutarate system (Fig. 1a). 

Requirements for synthesis. Porphyrin formation 
from ALA was studied in mixture II containing 
only phosphate buffer and Mg?+. Addition of 
Mn?+, NH,+ or fumarate (at the concentrations 
used in mixture I) did not increase synthesis, pro- 
vided that incubation was in the light under 
anaerobic conditions. Omission of Mg?*+ reduced 
synthesis by 50% (Table 8). The optimum pH was 
from 6-4 to 7-0 (Table 8). 

Rate and extent of synthesis. Porphyrin was 
formed anaerobically in light at a linear rate in 
mixture IT until the concentration reached approx. 
50% of the theoretical value for complete con- 
version of ALA (Fig. 6). Conversion of ALA into 
porphyrins occurred over a wide range of substrate 
concentration; at lower concentrations about 60% 
of the added ALA was converted into porphyrin, 
though better yields (up to 70-80 %) were obtained 
with some batches of cells (Table 7). It is not 
known whether incomplete conversion of ALA was 
due to its utilization in other reactions or to non- 
enzymic destruction. The amount of bacterio- 
chlorophyll in the cells was not increased during 
incubation in mixture II; there was also no increase 
when ALA was substituted for glycine and «- 
oxoglutarate in mixture I (Fig. 1a). 

Formation and utilization of porphobilinogen. The 
monopyrrole was formed concurrently with por- 
phyrin during the early stages of incubation 
anaerobically in the light in mixture II; after 
reaching a peak, the concentration feil almost to 
zero as incubation proceeded (Fig. 6). No PBG (or 
porphyrin) was detected when the cells were 
incubated anaerobically in the dark in mixture II. 








Table 8. Requirements for porphyrin synthesis from §-aminolaevulic acid 


Cells (1 mg. dry wt./ml.) were suspended in 0-1 buffer with the additions shown. Incubation: 10 hr. under H, in the 


light. 
Buffer 

Cc —___A——_ —~ 
Type pH 
Phosphate 6-9 
6-9 

6-9 

*Phthalate 5-0 
*Acetate 5-5 
Phosphate 5-8 
6-5 

6-9 

7-5 

7:8 


Additions 
— OO Porphyrin 
MgSO, ALA formed 

(8 x 10-4m) (2x10-%m) (pm-moles/ml.) 

+ + 90 

= 4 44 

+ a 0 

+ + 0 

58 

89 

+ 90 

7 + 28 

+ + 19 


* No porphyrin formed on addition of 0-04m phosphate, pH 5-8. 
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Although over 50% disappeared when PBG was 
incubated with washed cells, there was no forma- 
tion of porphyrin (Table 9). Loss of PBG also 
occurred to almost the same extent when it was 
incubated with boiled cells, suggesting that PBG 
was being destroyed non-enzymically. The mono- 
pyrrole is unstable and decomposes on standing, 
even at pH 6-5. One of the products is uropor- 
phyrin, but this accounts for only aboui 20 % of the 
PBG which disappears at this pH value (Cookson & 
Rimington, 1954). 

Since added PBG is not significantly converted 
into porphyrin, the disappearance of PBG formed in 
the early stages of incubation with ALA may have 
been due to non-enzymic processes rather than to 
its conversion into porphyrin. To test this possi- 


140 


a = 
a 2 So 
3s o So o Ss 


Porphyrin or PBG (um-moles/ml.) 


5 


0 8 16 24 


Time (hr.) 


Fig. 6. Rate of formation of porphyrin (O) and porpho- 
bilinogen (@) from ALA. Cells (1-3 mg. dry wt./ml.) 
were incubated anaerobically in the light in mixture II. 
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bility, cells were first incubated in mixture IT for 
6 hr.; at this stage a considerable amount of PBG 
was present in the supernatant fluid. The cells were 
removed from the reaction mixture and inactivated 
by heating at 100°; they were then added back to 
the supernatant fluid and reincubated. No PBG 
was found at the end of the second incubation nor 
did the concentration of porphyrin increase. These 
results suggest that the PBG excreted into the 
medium is not utilized for porphyrin synthesis and 
is destroyed non-enzymically. In the parallel 
experiment with unheated cells, the PBG dis- 
appeared, but the porphyrin concentration in- 
creased during the second incubation, presumably 
due to the conversion of residual ALA. 

Effect of vitamins of the B-group. Cells deficient in 
nicotinic acid, thiamine or biotin formed porphyrin 
from ALA as actively as normal cells, though they 
formed little or no porphyrin from glycine and 
a-oxoglutarate (Table 4). Addition of these 
vitamins did not affect synthesis in mixture IT. 

Effects of inhibitors. Of the compounds tested 
only p-chloromercuribenzoate, 2:4-dinitrophenol 
and cyanide appreciably inhibited synthesis from 
ALA (Table 6). Gibson et al. (1954) have found 
p-mercurichlorobenzoate to inhibit conversion of 
ALA into PBG by an enzyme preparation from 
liver; this reaction may. also be inhibited in the 
bacterial system, but it is possible that the in- 
hibitor acts at other stages in the conversion of 
ALA into porphyrins by Rps. spheroides. 

Effects of light and oxygen with light-grown. cells. 
Some porphyrin was formed from ALA when light- 
grown cells were incubated aerobically in the dark 
in mixture IT. This was increased by the addition of 
an oxidizable substrate such as fumarate, succinate 
or lactate. Little or no porphyrin was formed 
anaerobically in the dark in the presence or 
absence of these substances (Table 10). Even in the 
presence of a carboxylic acid, the amount of 
porphyrin finally formed was only about 35% of 


Table 9. Utilization of porphobilinogen 


Cells (1-3 mg. dry wt./ml.) were suspended in 0-1m phosphate buffer, pH 6-9 and 8 x 10-*m-MgSO,. The boiled cells had 
been heated for 10 min. at 100° before addition to the system. Incubation: H, in the light. 


Additions 
(um-moles/ml.) 
0 = 
Cells PBG ALA 
Untreated 120 0 
120 0 
0 320 
0 320 
0 0 
Boiled 120 0 
120 0 
120 0 


Pyrroles found 


Time of (um-moles/ml.) 








incubation — —~ 
(hr.) PBG Porphyrin* 
6 102 2 
18 53 4 
6 22 18 
18 12 19 
18 0 0 
0 121 0 
6 99 ( 
18 68 2 


* The theoretical amount of porphyrin is 30 from 1204m-moles PBG and 40 from 320um-moles ALA, 
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that formed in the light (Fig. 7 and Table 10). The 
low yield of porphyrin under aerobic conditions 
may have been due to inactivation of some of the 
enzymes involved, or ALA may have been utilized 
by other reactions not leading to porphyrin forma- 
tion. However, cell suspensions, which had been 
first incubated aerobically in the dark until 
porphyrin formation had almost ceased, continued 
to form porphyrin when transferred to the light 
and incubated anaerobically (Fig. 7). 

PBG was formed simultaneously with porphyrin 
aerobically in the dark; as in the anaerobic-light 
systems, it accumulated in the early stages of 


Table 10. Effect of conditions of incubation on 
porphyrin formation from §-aminolaevulic acid 


Light-grown cells (1 mg. dry wt./ml.) were incubated for 
22 hr. in mixture II with the additions shown. 


Forphyrin 
Incubation formed 
conditions Additions (um-moles/ml.) 
H,—light None 164 
H,—dark Fumarate, 10-?m a 
Air—dark None 11 
Fumarate, 4 x 10-°m 48 
Fumarate, 10-?M 54 
Succinate, 10-2m 52 
Lactate, 10-?M 55 
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Fig. 7. Rate of porphyrin synthesis from ALA anaerobic- 
ally in the light and aerobically in the dark. Cells 
(lmg. dry wt./ml.) were incubated in mixture II 
anaerobically in the light (©) or in mixture IL with 
0-0lm fumarate aerobically in the dark (@); after 
incubation for 8 hr. under the latter conditions a sample 
(2-5 ml.) of the reaction mixture was transferred to the 
light and incubated anaerobically (broken line). 





(%)t 
0 
0 
24 
23 
23 
26 

0 
19 
20 
23 


Proto- 
porphyrin 


Copro- 
porphyrin 
(%)t 
100 
100 
97 
76 
Vi 
100 
96 
74 
73 
100 
100 
100 
81 

80 


86 
87 
126 


120 
93 


Total 
porphyrin* 
136 

10 
93 
90 
40 
39 
15 
44 


134 


formed 
i 


(um-moles/ml.) 


= 


4x 10m 


| 


Fumarate, 10-2m 


Fumarate, 4 x 10-3m 


Fumarate, 10-2m 


=< 


+ Percentage of ether-soluble porphyrins. 


Carboxylic acid 


Additions to mixture IT 
Fumarate, 4 x 10-3m 
Fumarate, 10-2m 
Fumarate 
Succinate 
Lactate 
Butyrate 
Fumarate, 10-?m 
Fumarate, 10-2m 


(10-5m) 





c 
Iron citrate 


Air—Dark 
Dark 


conditions 
H,—Light 
H,—Light 
Air 


Incubation 


./ml.) 


Table 11. Formation of coproporphyrin and protoporphyrin from §-aminolaevulic acid 


* Calculated as coproporphyrin. 


Type of cells 
(1 mg. dry wt./ml.) 
. dry wt 
(1 mg. dry wt./ml.) 
(1-4 mg. dry wt./ml.) 


Light-grown 
Light-grown 
Light-grown 
Air-grown 


Cells, grown either in the dark or light, were incubated under various conditions in mixture II with the additions shown. 
(1 mg 


xpt. 
no. 
3 


x 


EK 


2 





956 


int 


Ed 


A 


+ Percentage of ether-soluble porphyrins. 
ssid L 





Fumarate, 10-2m 


99 


* Calculated as coproporphyrin. 


y= 





Vol. 62 


incubation and disappeared as incubation pro- 
ceeded. 

Synthesis by aerobically grown cells. Cells which 
had been grown aerobically in the dark also formed 
porphyrin when incubated under the same condi- 
tions in mixture II with fumarate. The rate and 
extent of synthesis were similar to those found with 
light-grown cells incubated aerobically in the dark 
(see Table 11). 

Effect of iron. Iron citrate or ferrous ammonium 
sulphate at concentrations which almost com- 
pletely suppressed porphyrin formation from 
glycine and «-oxoglutarate did not affect synthesis 
from ALA in mixture IT (Table 11). When, how- 
ever, both iron and a carboxylic acid were present, 
considerable amounts of protoporphyrin were 
formed from ALA (see p. 89). 


Types of porphyrin formed 

Porphyrins formed from glycine and «-oxoglutarate. 
Spectroscopic examination of the supernatant 
fluids after incubation with suspensions of cells in 
mixture I showed absorption bands at alkaline or 
acidic pH values which corresponded closely to 
those of coproporphyrin. A band at 638-5 mu. 
was also detected under alkaline conditions; 
on acidification this shifted to 621-5 my., becom- 
ing weaker and more diffuse. The substance 
responsible for this absorption band has not been 
identified. 

Most of the porphyrin formed in mixture I was 
extracted by ether or ethyl acetate at pH 4 and 
behaved as coproporphyrin type III on chromato- 
graphic analysis (see Experimental). The ether- 
insoluble porphyrim was identified as a mixture 
uroporphyrin of types I and III; there was no 
constant preponderance of either isomer. Traces of 
other porphyrins with probably three and six 
carboxyl groups were detected by chromatography 
of whole supernatants. Quantitative fractionation 
of the porphyrins showed that coproporphyrin 
comprised 95 % and uroporphyrin 4 % of the total. 
No difference was detected in the composition of 
the porphyrins formed after incubation for 5, 12 
and 24 hr. respectively. 

Porphyrins formed from §-aminolaevulic acid in 
the light. After incubation of cells anaerobically in 
the light in mixture II the porphyrins formed were 
of the same types as those formed from glycine and 
«-oxoglutarate. The component observed in the 
glycine-«-oxoglutarate systems with an absorption 
band at 638 mu. (in alkali) could not be detected in 
the ALA systems incubated anaerobically. 

When iron citrate and a carboxylic acid, such as 
fumarate, were added to mixture II the absorption 
spectrum in alkali of the porphyrins formed 
showed a strong band at 644-6 mp. This was found 
by chromatography and by fractionation of ether 
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extracts with HCl to be due to protoporphyrin. 
This substance accounted for 20-30 % of the total 
porphyrins formed under these conditions, the 
remainder consisting mainly of coproporphyrin IIT, 
with small amounts of uroporphyrin. Both iron 
and a carboxylic acid were needed for maximum 
formation of protoporphyrin (Table 11). Total 
porphyrin formation under these conditions was 
about 70% of that in unsupplemented mixture II; 
addition of carboxylic acids alone caused a similar 
depression in the total porphyrin formation 
(Table 11). 

Porphyrins formed from §8-aminolaevulic acid 
aerobically in the dark. The porphyrins formed by 
light-grown cells incubated aerobically in the dark 
in mixture II with fumarate consisted mainly of 
coproporphyrin III with small amounts of uro- 
porphyrin. Addition of iron citrate did not cause 
any change (Table 11). The supernatant fluids from 
these aerobic systems (with or without iron) con- 
tained another component with an absorption band 
of 638 my. in alkali, which appeared to be the 
same as that observed in the experiments with 
glycine plus «-oxoglutarate. 

Aerobically grown cells formed appreciable 
amounts of protoporphyrin when incubated aero- 
bically in mixture II with or without fumarate; 
coproporphyrin III was, however, the major com- 
ponent of the porphyrin mixtures formed by these 
cells. Addition of iron citrate did not influence the 
amount or ratio of the porphyrins formed (Table 11). 


DISCUSSION 


Rps. spheroides has potent systems for forming 
porphyrins from glycine and derivatives of the 
tricarboxylic acid cycle not only in cell suspension 
but also during growth. The culture fluids from 
other photosynthetic bacteria related to Rps. 
spheroides also contain a pink pigment which may 
well be porphyrin (van Niel, 1944, 1954; private 
communication). 

Accumulation of intermediates or stabilized by- 
products of intermediates in a_ biosynthetic 
sequence is usually associated with a biochemical 
lesion which may be induced by an enzymic or 
nutritional deficiency. Formation of porphyrins by 
non-photosynthetice bacteria occurs when synthesis 
of cytochromes is limited by iron deficiency or by 
anaerobic growth. Rps. spheroides forms both 
cytochromes and bacteriochlorophyll, but por- 
phyrin excretion seems to be associated more 
closely with the formation of bacteriochlorophyll 
than with the synthesis of cytochromes. Thus, 
porphyrins are formed only by light-grown cultures; 
they appear in the later stages of growth when 
synthesis of bacteriochlorophyll is limited by iron 
deficiency (Lascelles, 1955). 


90 


Substrates. The experiments indicate that the 
pathway of porphyrin synthesis by Rps. spheroides 
is similar to that found in animal tissues. Both 
glycine and «-oxoglutarate (or succinate) are 
required for maximum synthesis; the situation is 
complicated, however, by the additional require- 
ment for an oxidizable substrate such as fumarate. 

Although fumarate alone does not replace «- 
oxoglutarate, the amount of the latter needed for 
maximum synthesis is reduced by fumarate; in the 
presence of low concentrations of fumarate a 
certain amount of «-oxoglutarate may be utilized 
as an energy source, thereby reducing the amount 
available for porphyrin formation. 

The (C,-intermediate which condenses with 
glycine (or a derivative) has not been identified. 
Succinyl coenzyme A is formed by the «-oxoglu- 
tarate oxidase of animal tissues (Sanadi & Little- 
field, 1953), and is probably also a product of 
similar reactions in Escherichia coli and Azotobacter 
vinelandii (Gunsalus, 1953; Lindstrom, 1953). So 
far, however, there is no evidence that succinyl 
coenzyme A participates in porphyrin synthesis. 
Experiments with bacteria by cells deficient in 
pantothenic acid may provide information on this 
point. 

Manganese and ammonium ions are probably 
required by the cell suspensions for formation of the 
C,-intermediate from «-oxoglutarate; both ions are 
needed for maximum porphyrin synthesis from 
glycine and «-oxoglutarate and both are also 
required for the decarboxylation of the latter 
compound in the light. 

Between 10 and 20% of the added glycine could 
be accounted for as porphyrin. It is usually not 
possible to make a balance sheet of the products 
formed from the metabolism of organic substrates 
by photosynthetic bacteria in the light, since they 
are rapidly assimilated into cell substance (Gest, 
1951; Elsden, 1954). The free porphyrins excreted 
by Rps. spheroides are not utilized further, possibly 
because they are unable to penetrate back into the 
cell. 

The rapid rate of conversion of ALA into por- 
phyrin, as well as the fact that it replaces both 
glycine and «-oxoglutarate, suggests that it is a 
product of condensation of these substances. The 
immediate precursor of ALA may be «-amino-B- 
ketoadipic acid (Shemin, 1955). 

Porphobilinogen is probably an intermediate in 
the conversion of ALA into porphyrins, since it is 
found during the early stages of incubation of the 
cell suspensions with ALA. The PBG which can be 
detected in the supernatant fluid may be only a 
small proportion of that present inside the cells, 
possibly in a bound form. The monopyrrole which 
is excreted is not utilized for porphyrin synthesis, 
though it disappears as incubation proceeds. Cell 
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suspensions of Rps. spheroides did not convert 
added PBG into porphyrins and the compound may 
not pass into the cell. Whole cells of Chlorella are 
also unable to convert PBG into porphyrin, 
although they do so after the cell wall has been 
damaged by freezing and thawing (Bogorad & 
Granick, 19536). Porphobilinogen was detected 
only under conditions which permitted porphyrin 
synthesis. None was found when ALA was incu- 
bated with the cells anaerobically in the dark; 
acetone-dried cells were similarly inactive. Rps. 
spheroides differs therefore from C. diphtheriae and 
Bacterium cadaveris; acetone-dried preparations of 
these organisms have an active ALA-dehydrase 
which converts ALA into PBG under anaerobic 
conditions (Gibson et al. 1954). 

Effects of vitamins of the B-group. Cells de- 
ficient in nicotinic acid, thiamine or biotin formed 
little or no porphyrin from glycine and «-oxo- 
glutarate, but activity was restored by the addition 
of the appropriate factor. Nicotinic acid and 
thiamine (in their coenzyme forms) are probably 
needed for conversion of «-oxoglutarate into the 
C,-intermediate required for condensation with 
glycine. Both diphosphopyridine nucleotide and 
thiamine pyrophosphate are required for the 
oxidative decarboxylation of «-oxoglutarate by 
cell-free preparations from Esch. coli and Azoto- 
bacter vinelandii and animal tissues (Gunsalus, 
1953; Lindstrom, 1953; Sanadi, Littlefield & Bock, 
1952; Sanadi & Littlefield, 1953). 

Effects of light and oxygen. Significant por- 
phyrin formation from glycine and «-oxoglu- 
tarate occurred only anaerobically in the light. The 
photosynthetic reaction presumably provided any 
energy required for synthesis. The inability of the 
cells to form free porphyrin aerobically in the dark 
cannot, however, be attributed to lack of aerobic 
oxidation systems since the organism can grow 
under these conditions and forms cytochromes. It 
appears, therefore, that in the light the meta- 
bolism of glycine and «-oxoglutarate is directed 
towards the synthesis of porphyrins. The conditions 
of incubation which favoured the formation of 
porphyrins parallel those for the formation of the 
photosynthetic pigments; both bacteriochlorophyll 
and carotenoids are formed only in the light and 
oxygen suppresses their synthesis (van Niel, 1944). 

Although ALA is converted into porphyrins 
aerobically in the dark, the yield of pigment and the 
rate of reaction is less than is observed under 
anaerobic conditions in the light. Moreover, an 
oxidizable substrate is needed, whereas maximum 
synthesis is attained in the presence of phosphate 
and Mg?+ only, under anaerobic conditions in the 
light. Energy may be needed for the conversion of 
ALA into porphyrins and this could be provided by 
oxidation of the carboxylic acid required under 
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aerobic conditions; in the light sufficient energy 
may be generated by the photosynthetic reaction 
coupled to endogenous hydrogen donors in the 
cells. Both adenosine triphosphate and mito- 
chondria from rat liver are needed for maximum 
conversion of PBG into porphyrins by Chlorella 
preparations, suggesting that energy is required in 
this system also (Bogorad & Granick, 19535). 

Types of porphyrin formed. Coproporphyrin ITI, 
the major component of the porphyrins formed by 
Rps. spheroides, is also formed predominantly by 
other .bacteria which form free porphyrins. It 
comprises 98-99 % of the porphyrins excreted by 
C. diphtheriae (Gray & Holt, 1948), and it has been 
isolated from the cells of Mycobacterium karlinskii 
(Todd, 1949). 

Protoporphyrin was formed from ALA either 
(a) anaerobically in the light, provided that iron 
salts and an oxidizable substrate were present, or 
(b) aerobically in the dark by aerobically grown 
cells. In the light, iron and the oxidizable sub- 
strate may be concerned at some stage in the 
-ormation of the vinyl side chains of protopor- 
phyrin, such as, for instance, in the oxidative 
decarboxylation of a precursor. Since iron is not 
needed by aerobically grown cells, there may be a 
different mechanism in this case. The difference 
could lie in the electron transfer mechanism; 
oxygen is the ultimate hydrogen acceptor aerobic- 
ally, whereas in the light an oxidized compound 
generated by the photosynthetic system may serve. 

The free porphyrins are not metabolized by Rps. 
spheroides, but this may be due to lack of penetra- 
tion. In preparations of Chlorella, uroporphyrin III 
is found during the early stages of incubation with 
PBG; it disappears as incubation proceeds and 
porphyrins containing fewer carboxyl groups are 
found. Uroporphyrin III may therefore be a 
precursor of the other porphyrins (Bogorad & 
Granick, 19536). With Rps. spheroides the ratio of 
coproporphyrin to uroporphyrin was constant 
throughout the incubation period and this does not 
suggest that coproporphyrin is an intermediate in 
the conversion of uroporphyrin III into proto- 
porphyrin IX. There is also no evidence that these 
porphyrins are on the direct line of synthesis of 
bacteriochlorophyll or haem derivatives. 

It is possible that the free porphyrins are 
stabilized by-products of actual intermediates in 
the biosynthesis of bacteriochlorophyll and haem 
derivatives. Recent work using isotopic techniques 
has also suggested that the free porphyrins are not 
intermediates in the formation of haem from 
glycine, ALA or PBG by haemolysates of chick 
erythrocytes (Falk, 1955; Dresel, 1955). 

Effect of iron. Excretion of porphyrins by 


growing cultures of Rps. spheroides and related 
organisms occurs only in media deficient in iron 
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salts; under these conditions formation of bacterio- 
chlorophyll is limited (Lascelles, 1955). Similar 
effects of iron were observed in cell suspensions; 
here iron prevented the formation of porphyrins 
from glycine and «-oxoglutarate, but increased the 
synthesis of bacteriochlorophyll. Formation of 
chlorophyll by other photosynthetic bacteria and 
green plants also depends on the concentration of 
iron (Larsen, 1952, 1953; Hill, 1951; Hill & Hartree, 
1953). 

The relation between iron and the synthesis of 
bacteriochlorophyll and porphyrins in the photo- 
synthetic bacteria suggests that iron may partici- 
pate in the conversion of porphyrins or derivatives 
into chlorophyll. The situation is similar to that 
with C. diphtheriae, where intracellular haems are 
increased, whilst porphyrin excretion is decreased 
by iron (Pappenheimer & Hendee, 1947; Rawlinson 
& Hale, 1949). In C. diphtheriae there is no evidence 
that the porphyrins are converted quantitatively 
into haems in the presence of iron, and it is 
possible that the metal may act indirectly, rather 
than as a source of the iron atom in haem. It may 
also act at a similar stage in the formation of 
bacteriochlorophyll. 

The results with Rps. spheroides do not show 
whether the action of iron on the synthesis of 
porphyrin and bacteriochlorophyll from glycine 
and «-oxoglutarate is a consequence of its effect on 
the conversion of ALA into protoporphyrin. The 
dependence of bacteriochlorophyll formation upon 
iron may be due partly, at least, to the participa- 
tion of the metal in the synthesis of protoporphyrin. 
This porphyrin and its magnesium derivative may 
be intermediates in the synthesis of chlorophyll by 
Chlorella (Granick, 1948a,b6). Since increased 
bacteriochlorophyll does not result when the cells 
are incubated with ALA even in the presence of 
iron, it is possible that precursors of the non- 
pyrrole parts of the pigment (for example, the 
phytol residue) may be supplied by glycine and/or 
«-oxoglutarate but not by ALA. In the presence of 
iron, therefore, synthesis of bacteriochlorophyll 
may proceed from glycine and «-oxoglutarate via 
protoporphyrin (or a derivative) but may stop at 
this stage when ALA is the substrate. However, 
this possibility does not account fully for the 
effects of iron, since the increase in bacteriochloro- 
phyll formed from glycine and «-oxoglutarate with 
iron present accounts for only about 10% of the 
porphyrins which fail to appear. 

Bacteriochlorophyll contains magnesium, and it 
might be expected that deficiency in this metal 
would cause excretion of porphyrins or derivatives 
of bacteriochlorophyll lacking magnesium. This 
was not observed, possibly since magnesium is 
needed for many cell reactions besides the forma- 
tion of bacteriochlorophyll. 
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SUMMARY 


1. Cell suspensions of Rhodopseudomonas spher- 
oides convert glycine and «-oxoglutarate into por- 
phyrins. An oxidizable substrate, magnesium, 
ammonium and manganese ions are also required 
for maximum synthesis. 

2. Porphyrins are formed from glycine and «- 
oxoglutarate only in the light; aerobiosis sup- 
presses the synthesis in the light, whilst no por- 
phyrins are formed aerobically in the dark. 

3. Cells deficient in nicotinic acid, thiamine or 
biotin form little or no porphyrin from glycine and 
a-oxoglutarate, but do so when these factors are 
added to the incubation systems. 

4. §-Aminolaevulic acid is converted into por- 
phyrins by the cell suspensions and behaves as if it 
is a product of condensation between glycine and 
x-oxoglutarate or derivatives. 

5. Porphobilinogen accumulates during the 
early stages of incubation with $-aminolaevulic 
acid and disappears as incubation proceeds. 

6. 5-Aminolaevulic acid is converted into por- 
phyrins anaerobically in light or aerobically in the 
dark. In the light, maximum formation of por- 
phyrins occurs in the presence of phosphate and 
magnesium ions only; under aerobic conditions an 
oxidizable substrate is also needed. 

7. Iron salts almost completely suppress por- 
phyrin formation from glycine and «-oxoglutarate, 
but increase the formation of bacteriochlorophyll 
and haem components. The increase in these sub- 
stances accounts for only 10 and 1% respectively 
of the porphyrins which fail to appear. Iron does 
not suppress porphyrin synthesis from $-amino- 
laevulie acid. 

8. Coproporphyrin III is the major component 
of the porphyrins formed from glycine and «- 
oxoglutarate and from §-aminolaevulic acid. Uro- 
porphyrins I and III are also formed in small 
quantities, and traces of other porphyrins con- 
taining three and six carboxyl groups can be 
detected by chromatography. 

9. Protoporphyrin, comprising 20-30% of the 
total porphyrins, is formed from $-aminolaevulic 
acid anaerobically in the light, provided that iron 
and an oxidizable substrate are present. Aerobic- 
ally grown cells form protoporphyrin from 6- 
aminolaevulic acid under aerobic conditions in the 
absence of iron. 

10. It is suggested that porphyrin formation by 


Rps. spheroides is associated with the synthesis of 


bacteriochlorophyll and that iron is concerned in 
the conversion of porphyrins or derivatives into 


bacteriochlorophyll. 

I am greatly indebted to Dr D. D. Woods, F.R.S., for 
constant encouragement and advice. I should also like to 
thank Drs E. I. B. Dresel, J. E. Falk, A. Neuberger, F.R.S., 





1956 


and J. J. Scott for many valuable discussions and for 
technical advice. I am also grateful to Miss A. Benson for 
carrying out some chromatographic analyses and for 
instruction in chromatographic techniques. 


REFERENCES 


Berlin, N. I., Gray, C. H., Neuberger, A. & Scott, J. J. 
(1954). Biochem. J. 58, xxx. 

Bogorad, L. & Granick, 8. (1953a). J. biol. Chem. 202, 793. 

Bogorad, L. & Granick, S. (19536). Proc. nat. Acad. Sci., 
Wash., 39, 1176. 

Chao, F., Delwiche, C. C. & Greenberg, D. M. (1953). 
Biochim. biophys. Acta, 10, 103. 

Chu, T. C., Green, A. A. & Chu, E. J. (1951). J. biol. Chem. 
190, 643. 

Cookson, G. H. & Rimington, C. 
476. 

Della Rosa, R. J., Altman, K. I. & Salomon, K. (1953). 
J. biol. Chem. 202, 771. 

Dresel, E. I. B. (1955). In The Biosynthesis of Porphyrins 
and Porphyrin Metabolism, Ciba Foundation Conf. p. 72. 
Ed. by Wolstenholme, G. E. W. London: J. and A. 
Churchill Ltd. 

Dresel, E. I. B. & Falk, J. E. (1953). 


(1954). Biochem. J. 57, 


Nature, Lond., 172, 


1185. 

Dresel, E. I. B. & Falk, J. E. (1956). Biochem. J. In the 
Press. 

Dresel, E. I. B. & Tooth, B. E. (1954). Nature, Lond., 174, 
271. 


Elliott, K. A. C. & Keilin, D. (1933). Proc. Roy. Soc. B, 114, 
210. 

Elsden, S. R. (1954). In Autotropic Micro-organisms. 
Symp. Soc. gen. Microbiol. vol. 4, p. 202. Cambridge 
University Press. 

Elsden, S. R., Kamen, M. D. & Vernon, L. P. (1953). 
J. Amer. chem. Soc. 75, 6347. 

Eriksen, L. (1953). Scand. J. clin. Lab. Invest. 5, 155. 

Falk, J. E. (1955). In The Biosynthesis of Porphyrins and 
Porphyrin Metabolism, Ciba Foundation Conf. p. 63. 
Ed. by Wolstenholme, G. E. W. London: J. and A. 
Churchill Ltd. 

Falk, J. E. & Benson, A. (1953). Biochem. J. 55, 101. 

Falk, J. E., Dresel, E. I. B. & Rimington, C. (1953). 
Nature, Lond., 172, 292. 

Foster, J. W. (1944). J. Bact. 47, 355. 

Gest, H. (1951). Bact. Rev. 15, 183. 

Gest, H., Kamen, M. D. & Bregoff, H. M. (1950). J. biol. 
Chem. 182, 153. 

Gibson, K. D. (1955). In The Biosynthesis of Porphyrins 
and Porphyrin Metabolism, Ciba Foundation Conf. p. 27. 
Ed. by Wolstenholme, G. E. W. London: J. and A. 
Churchill Ltd. 

Gibson, K. D., Neuberger, A. & Scott, J. J. (1954). 
Biochem. J. 58, xli. 

Granick, 8. (1948a). J. biol. Chem. 172, 717. 

Granick, S. (19486). J. biol. Chem. 175, 333. 

Granick, S. (1950). J. biol. Chem. 183, 713. 

Granick, S. (1954). In Chemical Pathways of Metabolism, 
vol. 2, chap. 16. Ed. by Greenberg, D. M. New York: 
Academic Press. 

Granick, 8., Bogorad, L. & Jaffe, H. (1953). J. biol. Chem. 
202, 801. 

Gray, C. H. & Holt, L. B. (1948). Biochem. J. 43, 191. 


———— 








956 
| for 


n for 
for 


793. 
Sci., 


153). 


hem. 


the 
174, 
114, 


sms. 


idge 
53). 
and 


63. 
A. 


D3). 


iol. 


“INS 


aie 


4). 


sm, 


rk: 


pm. 





——_— 


Vol. 62 


Grinstein, M. & Wintrobe, M. M. (1948). J. biol. Chem. 172, 
459. 

Gunsalus, I. C. (1953). The Mechanism of Enzyme Action, 
p. 545. Ed. by McElroy, W. D. and Glass, B. Baltimore: 
Johns Hopkins Press. 

Hale, J. H., Rawlinson, W. A., Gray, C. H., Holt, L. B., 
Rimington, C. & Smith, W. (1950). Brit. J. exp. Path. 
31, 96. 

Hill, R. (1951). Advanc. Enzymol. 12, 1. 

Hill, R. & Hartree, E. F. (1953). Annu. Rev. Pl. Physiol. 4, 
115. 

Hutner, S. H. (1946). J. Bact. 52, 213. 

Hutner, S. H. (1950). J. gen. Microbiol. 4, 286. 

Jope, E. M. & O’Brien, J. R. P. (1945). Biochem. J. 39, 239. 

Krasna, A. I., Peyser, P. & Sprinson, D. B. (1952). J. biol. 
Chem. 198, 421. 

Larsen, H. (1952). J. Bact. 64, 187. 

Larsen, H. (1953). K. norske vidensk. 
Trondheim: Brun. 

Lascelles, J. (1955). In The Biosynthesis of Porphyrins and 
Porphyrin Metabolism, Ciba Foundation Conf. p. 265. 
Ed. by Wolstenholme, G. E. W. London: J. and A. 
Churchill Ltd. 

Lemberg, R. & Legge, J. W. (1949). Haematin Compounds 
and Bile Pigments. London: Interscience Publ. Ltd. 

Lindstrom, E. 8. (1953). J. Bact. 65, 565. 

Lwoff, A. & Schaeffer, P. (1949). C.R. Acad. Sci., Paris, 
228, 779. 

Monod, J., Cohen-Bazire, G. & Cohn, M. (1951). Biochim. 
biophys. Acta, 7, 585. 

Neuberger, A. & Scott, J. J. (1953). Nature, Lond., 172, 
1093. 

Nicholas, R. E. H. & Rimington, C. (1949). Scand. J. clin. 
Lab. Invest. 1, 12. 

Nicholas, R. E. H. & Rimingion, C. (1951). Biochem. J. 48, 
306. 

Pappenheimer, A. M. (1947). J. biol. Chem. 167, 251. 

Pappenheimer, A. M. & Hendee, E. D. (1947). J. biol. 
Chem. 171, 701. 


Selsk. Skr. 1. 


PORPHYRIN SYNTHESIS BY RPS. SPHEROIDES 93 


Provasoli, L., Hutner, S. H. & Schatz, A. (1948). Proc. Soc. 
exp. Biol., N.Y., 69, 279. 

Rawlinson, W. A. & Hale, J. H. (1949). Biochem. J. 45, 
247. 

Rimington, C. & Sveinsson, S. L. (1950). Scand. J. clin. 
Lab. Invest. 2, 209. 

Sanadi, D. R. & Littlefield, J. W. (1953). J. biol. Chem. 201, 
103. 

Sanadi, D. R., Littlefield, J. W. & Bock, R. M. (1952). 
J. biol. Chem. 197, 851. 

Schaeffer, P. (1952a). Biochim. biophys. Acta, 9, 261. 

Schaeffer, P. (19526). Biochim. biophys. Acta, 9, 362. 

Schmid, R. & Shemin, D. (1955). J. Amer. chem. Soc. 77, 
506. 

Shemin, D. (1955). In The Biosynthesis of Porphyrins and 
Porphyrin Metabolism, Ciba Foundation Conf. p. 4. Ed. 
by Wolstenholme, G. E. W. London: J. and A. Churchill 
Ltd. 

Shemin, D., Abramsky, T. & Russell, C. S. (1954). J. Amer. 
chem. Soc. 76, 1204. 

Shemin, D. & Kumin, S. (1952). J. biol. Chem. 198, 827. 

Shemin, D., London, I. M. & Rittenberg, D. (1950). ./. biol. 
Chem. 183, 767. 

Shemin, D. & Russell, C. S. (1953). J. Amer. chem. Soc. 75, 
4873. 

Stich, W. & Eisgruber, H. (1951). Hoppe-Seyl. Z. 287, 19. 

Todd, C. M. (1949). Biochem. J. 45, 386. 

Vahlquist, B. (1939). Hoppe-Seyl. Z. 259, 213. 

van Heyningen, W. E. & Gladstone, G. P. (1953). Brit. J. 
exp. Path. 34, 221. 

van Niel, C. B. (1941). Advanc. Enzymol. 1, 263. 

van Niel, C. B. (1944). Bact. Rev. 8, 1. 

van Niel, C. B. (1954). Annu. Rev. Microbiol. 8, 105. 

van Niel, C. B. & Arnold, W. (1938). Enzymologia, 5, 244. 

Vernon, L. P. & Kamen, M. D. (1954). J. biol. Chem. 211, 
643. 

Weissbach, A. & Sprinson, D. B. (1953). J. biol. Chem. 
1023. 

Wright, B. E. (1951). Nature, Lond., 168, 1087. 


203, 


An Investigation on Rabbit Antibodies by the Use of 
Partition Chromatography 


By J. H. HOMPHREY anp R. R. PORTER 
National Institute for Medical Research, Mill Hill, London 


(Received 21 June 1955) 


In a previous paper (Porter, 1955) a method was 
described for fractionating rabbit y-globulin by 
partition chromatography. It was found that, 


while no separation into distinct components could 
be obtained, the protein was resolved into a series 
of overlapping fractions. When y-globulin from 
rabbits immunized against ovalbumin was ex- 
amined, the antibody was confined to the more 
slowly moving fractions after the first course of 
immunization, but as the injections were con- 


tinued the antibody appeared in the middle frac- 
tions as well and later these contained the greater 
part of the antibody. 

It was of interest to find whether during immu- 
nization of the rabbit the chromatographic be- 
haviour of the antibodies was dependent on the 
nature of the antigen used. In addition to the pure 
protein antigen used earlier, killed bacteria 
(pneumococeus type III) and a living virus 
(Influenza Melbourne strain of type A) have been 
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employed as representative of very different types 
of antigen. The chromatographic distinction 
between early and late types of antibody was 
again observed. The influence of a different method 
of immunization and the properties of the different 
antibody fractions have also been investigated. 
A brief account of some of these results has been 
given (Porter & Humphrey, 1955). 


METHODS 


Chromatography. The chromatographic technique is 
essentially the same as that described previously (Porter, 
1955) except that the Celite 545 was graded by sedimenta- 
tion before use. Material which had not settled in 15 min. 
was discarded. This procedure was repeated until the 
supernatant was clear after that time (six to eight sedimen- 
tations were necessary and about one-third of the original 
weight was discarded). By use of larger particle material, 
rather higher recoveries (90% as judged by absorption at 
280 my.) were obtained. Throughout this work the column 
size was constant, viz. 40 g. celite 545, 20 ml. stationary 
phase and excess mobile phase in a jacketed glass column 
whose internal diameter was 2-2 cm. Fractions of eluate 
(16 ml. each) were collected by an automatic fraction 
collector. Two ml. aliquots were diluted to 3 ml. with water, 
and the protein concentration estimated by reading the 
absorption at 260 and 280 mu. in a 1 em. cell in a Unicam 
spectrophotometer. Fractions were combined as necessary 
and dialysed under a pressure of about 70cm. Hg at 2° 
prior to assay of the antibody content. 


Antigens 


Ovalbumin. Alum-precipitated ovalbumin was prepared, 
as described previously (Porter, 1955), from five times 
recrystallized hen ovalbumin (which contained less than 
1% conalbumin). 

Pneumococcus type III. The bacteria were killed with 
formalin and injected in suspension in saline, 1 ml. con- 
taining 4x10° organisms (Kauffman, Bjorneboe & 
Vammen, 1938). 

Polysaccharide (SSSIII) was prepared according to the 
method of Heidelberger, Kendall & Scherp (1936). 

Influenza virus, type A—Melbourne strain. This was 
prepared by Dr A. Isaacs, as follows: Virus from the 
allantoic fluid of infected eggs was adsorbed on to chick red 
cells, eluted, readsorbed and again eluted by the method of 
Hirst (1942). The concentration of virus was measured by 
a pattern type of haemagglutination test with 1% chick 
red cells, and the number of virus particles was calculated 
from the haemagglutinin titre, using the data of Donald & 
Isaacs (1954). 


Antibody assay 


The chromatographic fractions were concentrated by 
dialysis uncer pressure against phosphate saline (0-02M 
potassium phosphate pH 7-4 in 0-12mM-NaCl) at 2° to give 
a final protein concentration of 0-5-1 mg. y-globulin per ml. 
Precipitating antibodies were assayed by quantitative 
precipitation as described by Kabat & Mayer (1948), the 
quantity of protein being calculated from measurements of 
the absorption at 280 mu. of solutions in 0-1 N-NaOH. 
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Influenzal antibody was assayed by the anti-haemag- 
glutinin test, using a technique recommended by the World 
Health Organization Expert Committee on Influenza 
(1953). 

Estimation of combining ratio 

To determine the combining ratio of the antibody in the 
different fractions, the equivalent point was found (i.e. no 
antigen nor antibody detectable in the supernatant after 
precipitation) and the content of antibody estimated in the 
precipitate. The antigen content of the precipitate was 
equal to the antigen added. 


RESULTS 
Rabbit anti-SSS III antibodies 


The results described here were obtained by 
following the behaviour of the y-globulin in a single 
rabbit during a prolonged course of immunization. 
Other experiments were carried out, using indi- 
vidual or pooled sera taken at corresponding 
stages of immunization, and the findings were 
essentially the same. Hence results with pooled or 
individual serum may justifiably be compared, 
though exceptional behaviour in an occasional 
rabbit may at some time be met. 

Rabbit no. 50 was given six intravenous in- 
jections of formalin-killed pneumococci in _in- 
creasing amounts from 0-1 to 1-0 ml. over a period 
of 2 weeks. Four days after the last injection it was 
bled to give serum P!; a bleed after a second 
course gave serum P?; a month’s rest and then 
three further courses gave serum P* and P*. The 
bleed for the fourth course was lost. 

Figs. 1-4 show the chromatogram of the y- 
globulin prepared for sera P1, P?, P® and P® 
respectively. It is apparent that a shift in the 
distribution of antibody from the slower-running 
ractions to the faster fractions has occurred, in a 
manner similar to that observed previously when 
using ovalbumin as antigen. 

It is of interest to note that this change in 
distribution is not necessarily a function of the 
antibody level in the serum. Thus in the chromato- 
grams shown in Figs. 1 and 2 there is a marked 
difference in distribution, but the antibody content 
is almost identical. Although no conclusion as to 
the immunological history of the rabbit could be 
deduced simply by estimating the amount of anti- 
body and its combining ratio, much more can be 
learnt after chromatographic fractionation. 


Anti-influenza serum 
Four rabbits were injected intravenously every 
third day with I ml. of suspension in saline of 
about 10" virus particles. Six days after the fourth 
injection the animals were bled and the serum 
was prepared (serum AI, 1). Rabbits are not sus- 
ceptible to influenza, and living virus does not 
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survive in the animal, but satisfactory anti- 
haemagglutinins are produced. About 2 months 
later the same course of injections was repeated, 
and serum AI, 2 obtained. 

Fig. 5 shows the distribution of antibody in AI, 1 
y-globulin, with the antibody confined to the 
slower-moving. fractions again. After a second 
course of immunization, Fig. 6 shows again a 
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Fig. 1. Fractionation of about 50mg. y-globulin from 
rabbit no. 50 after first course of intravenous injections 
with killed pneumococcus. Column of 40 g. Celite 545 in 
tube, internal diameter 2-2 cm. 
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Fig. 2. Fractionation of about 50mg. y-globulin from 


So 
rabbit no. 50 after second course of intravenous injection 
with killed pneumococcus. Conditions as for Fig. 1. 
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Fractionation of about 50mg. y-globulin from 


gee 


rabbit no. 50 after third course of intravenous injection 
with killed pneumococcus. Condition as for Fig. 1. 
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spread of antibody into the faster-moving fractions. 
It should be noted that the anti-haemagglutinin 
titres are comparative only. 

Immunization was not continued to the same 
extent as with ovalbumin and pneumococcus, but 
it seems clear that the same pattern of response 
occurs. 
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Fig. 4. Fractionation of about 50mg. y-globulin from 
rabbit no. 50 after fifth course of intravenous injection 
with killed pneumococcus. Conditions as for Fig. 1. 
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Fig. 5. Fractionation of about 50mg. y-globulin from 


rabbits after first course of intravenous injections with 
influenza virus type A. Conditions as in Fig. 1. 
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Fig. 6. Fractionation of about 50mg. y-globulin from 


rabbits after second course of intravenous injections 
with influenza virus type A. Conditions as in Fig. 1. 


96 
An attempt was also made to judge whether the 
passage of time without further injections would 
influence the antibody distribution. Unfortu- 
nately, the antibody content falls off rapidly when 
injections of antigen cease, but with the sensitive 
though rather inaccurate agglutinin inhibition test 
some information was gained by chromatographing 
y-globulin taken from the rabbits after 2 months’ 
rest, and prior to the second course of injections. 
The antibody was still almost entirely confined to 
the more slowly moving fraction and had not 
spread in the way it did after the second course. 
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Fig. 7. Fractionation of about 50 mg. y-globulin from a 
rabbit which had a prolonged series of intravenous 
injections of alum-precipitated ovalbumin and six in- 
jections of killed pneumococci in the previous 2 weeks. 
\\\\\\il- content of antiovalbumin; content of 
anti-SSS ITT. 
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Fig. 8. Fractionation of about 50mg. y-globulin from 
rabbit 1 month after intramuscular injection of oval- 
bumin and adjuvant. Conditions as in Fig. 1. 


Immunization with two antigens 


It was desired to test whether prolonged immu- 
nization had affected the antibody-forming system 
in such a way that its response to a second antigen 
would be altered, or whether two antigens would 
each produce the same pattern of response inde- 
pendently of each other. A rabbit, which had had 
a series of courses of injections with ovalbumin, 
and was giving a typical late response with anti- 
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body spread throughout the fractions, was now 
given six injections of killed pneumococci and two 
further injections of ovalbumin during 2 weeks. 
The y-globulin was chromatographed and the frac- 
tions were assayed both for antipneumococcus and 
antiovalbumin. Fig. 7 shows the result obtained. 
The antibody to SSS ITI is localized to the slower 
fraction, while the antiovalbumin is_ spread 
throughout the y-globulin and is maximal in the 
middle fraction. The response to the pneumococcal 
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Fig. 9. Fractionation of about 50 mg. y-globulin 5 months 
after intramuscular injection of ovalbumin and adjuvant. 
Conditions as in Fig. 1 
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Fig. 10. Fractionation of about 50 mg. y-globulin from a 
rabbit 3 months after intramuscular injection of oval- 
bumin and adjuvant. Blank area shows percentage of 
protein precipitated by duck ovalbumin. Shaded area 
shows percentage of protein precipitated on subsequent 
addition of hen ovalbumin. 


antigen is very similar to that obtained when a 
non-immune rabbit is used and appears to have 
been unaffected by the prior immunization with 
ovalbumin. 

There is a little anti-SSS III in the faster 
fractions, contrary to the findings with rabbit 50 at 
the end of the first course, but the distribution will 
clearly depend on the choice of time for the first 
bleed. 
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Influence of different route of immunization 


In the work so far reported, immunization was 
by intravenous injection. If the early and late 
responses depend on the extent to which the antigen 
is taken up by certain cells or tissues, it might be 
expected that the administration of antigen by a 


different method would influence the results 
obtained. 
Sera were therefore examined from rabbits 


immunized by intramuscular injection of oval- 
bumin with Freund’s adjuvant mixture, i.e. the 
ovalbumin was in a water—oil emulsion stabilized 
with lanoline and containing 1 mg. of heat-killed 
tubercle per ml. (Freund & McDermott, 1942). 
Three injections were made into different sites, at 
intervals of 1 week. The granulomata so produced 
continue to grow for some months. 

Figs. 8 and 9 show the distribution of antibody 
in the y-globulin prepared from serum 1 and 5 
months after the injections. There is little difference 
between them in contrast to the results with intra- 
venous injection. 80% of the antibody in these 
rabbits is thought to be produced by the granulo- 
mata (Askonas & Humphrey, 1955), and it seems 
that this localized stable production throughout 
the period may be related to the constant chro- 
matographic distribution of antibody. This in 
turn suggests that the changing type of antibody 
formed during intravenous injections may be 
associated with a changing site of production. 





Comparison of the characteristics of antibodies 
from different fractions 


Combining ratio. y-Globulin from rabbits in the 
late stage of immunization, with antibody spread 
throughout the fractions, was used. The combining 
ratio at the equivalence point was determined and 
results with antipneumococcal and antiovalbumin 
y-globulin are given in Tables | and 2 respectively. 
It can be seen that the combining ratios of the 
antibodies in the different fractions do not vary 
greatly. In the case of antipneumococcal y- 
globulin the ratio changed from 40/1 for the early 
fractions to less than 30/1 in the late fractions (the 
figure of 60/1 for fraction 2 is doubtful owing to the 
small content of antibody). The antiovalbumin y- 
globulin ratio showed a similar but slightly smaller 
variation from 11/1 in fraction 2 to 8-5/1 in 
fraction 9. Differences of this order are near to the 
experimental error, but it may be noted that there 
is not a random scatter. The fall in combining ratio 
is continuous, and in the ease of pneumococcal 
antibody at least it is probably significant. It may 
also be noted that in these experiments the average 
content of antibody in the fractions was compared 
to that of the unfractionated material and found to 
agree within 1 %. This proves that the losses on the 
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column and in subsequent handling are not selective 
and will not influence the results obtained. 
Specificity. It has frequently been observed that 
the extent of cross-reactions between immune sera 
and proteins very similar to the antigen used for 
immunization increases as the course of immuniza- 
tion continues. With this in mind, estimates were 
made of the extent of cross-reaction between the 
anti-hen ovalbumin and duck ovalbumin in the 
different fractions. The expected decrease in 


Table 1. Combining ratios of antipolysaccharide 
pneumococcus fractions 


Chromatographic 


fractions in order Total Weight of 

of elution protein antibody Combining 

(see text) (mg.) (mg.) ratio 
1 2-4 0 —— 
2 3-5 0-5 60/1 
3 3-3 13 39/1 
4 8-2 4-1 40/1 
5 6-7 3-9 35/1 
6 4-6 2-8 33/1 
7 3-2 2-0 34/1 
8 1-7 0-9 29/1 
9 1-7 1-0 28/1 


Table 2. Combining ratios of antiovalbumin 


fractions 
Chromatographic Total Weight of 
fractions in order protein antibody Combining 
of elution (mg.) (mg.) ratio 

1 2-4 0 — 
2 2-6 0-34 11/1 
3 5-1 0-86 10/1 
4 6-7 1-8 10/1 
5 4:3 1-4 9-5/1 
6 4:3 1-5 9/1 
7 3-6 1-56 9/1 
8 3-8 1-65 9/1 
9 1-6 0-59 8-5/1 


specificity with time of immunization was observed, 
and three sera were found in which 15, 30 and 75% 
of the anti-hen ovalbumin was precipitated by 
duck ovalbumin. Fig. 10 shows the results ob- 
tained when y-globulin from an anti-hen ovalbumin 
serum was chromatographed. To the dialysed and 
concentrated fractions, small amounts of duck 
ovalbumin were added till no further precipitation 
occurred. After standing at 2° overnight, the pre- 
cipitates were centrifuged down, and washed with 
ice-cold 0:9% NaCl. The supernatant and first 
washings were combined, and the remainder of the 
antibody was precipitated with hen ovalbumin and 
estimated. 

It can be seen that there was no localization of 
any less specific antibody capable of combining 
with duck ovalbumin, the slight variations in the 
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ratio of the two types of antibody not being signifi- 
cant. Although such antibodies must differ in some 
physical or chemical property, they evidently cannot 
be distinguished by this method of fractionation. 


DISCUSSION 


From the results described in this and the previous 
paper, the following tentative conclusions seem to 
be justified. 

When a rabbit is injected intravenously with an 
antigen, two chromatographically separable types 
of antibody are produced. In the early stages of 
immunization the antibody is localized to the 
slower-running fractions and later appears also in 
the middle fractions. This is true for three widely 
different types of antigens and is probably a 
general occurrence. 

This phenomenon is not directly related to the 
total antibody content of the serum as examples 
have been found, in the same rabbit, of y-globulin 
obtained at different stages of immunization where 
the antibody content has been the same and yet the 
chromatographic distribution was markedly differ- 
ent. It appears probable that the change in anti- 
body distribution is in direct response to repeated 
antigenic stimulus and is not caused simply by the 
passage of time. 

The change in antibody type did not occur even 
after 5 months when the rabbit was immunized by 
intramuscular injection of ovalbumin and adjuvant, 
giving rise to granulomata. In these conditions 
most of the antibody is produced in the granuloma 
throughout, and this suggests that the change in 
antibody type during intravenous injection may be 
associated with production in different kinds of cells, 
perhaps localized to some extent in different tissues. 

The pattern of response is independent for each 
antigen. The fact that a rabbit was producing a 
late response to ovalbumin did not influence its 
sequence of responses to the injection of a second 
antigen (pneumococcus). 

When the combining ratios of the antibodies 
different chromatographic fractions were 
compared, a small but significant 
decrease in the ratio from the early to the late 
fractions was observed with the antipneumococcus 


from 
progressive 


antibodies. A similar change was found with anti- 
ovalbumin. This the 
immunologic character of the antibody as well as in 


suggests a difference in 
the physical properties. 

When the proportion of anti-hen ovalbumin 
which combined with duck ovalbumin was com- 
pared in the different chromatographic fractions, 
no differences were found. The properties which 
control the specificity of the antibodies are not 
related to those on which the chromatographic 
behaviour is dependent. 
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It is probable that chromatographic fractionation 
has revealed in the rabbit a change in antibody 
form which is related to that suggested by earlier 
work (Kekwick & Record, 1941) on the electro- 
phoretic fractionation of horse antiserum. Its 
relation to the observation of Raffel & Terry (1940) 
that antibody to pneumococcus type II shifts 
from euglobulin to pseudoglobulin as immunization 
continues is uncertain. The complexity of the 
problem is emphasized by the failure to fractionate 
antibody with high from antibody with low 
specificity. If it is assumed that the heterogeneity 
of y-globulin is due to different cells producing 
slightly different molecules which are chromato- 
graphically distinguishable, then the phenomena 
reported here would depend on different cells 
coming into antibody production at different stages 
of immunization, and this in turn might vary with 
the method of introduction of antigen. It would 
also have to be assumed that all cells concerned 
could produce highly specific antibodies after 
relatively short contact, and less specific anti- 
bodies after longer contact with antigen—not that 
certain cells produced a single kind of antibody 
throughout, those coming into play earlier pro- 
ducing the more specific antibody and those later 
the less. Clearer understanding of these phenomena 
would be helped by more information as to what 
gives rise to the multiple forms of y-globulin. 


SUMMARY 


1. The technique of partition chromatography 
has been used to study the antibodies in y-globulin 
taken from rabbits at different stages of immuniza- 
tion with various antigens. 

2. When formalin-killed pneumococci type III, 
alum-precipitated ovalbumin, or influenza virus 
were given intravenously, precipitating or haemag- 
glutin-inhibiting antibodies were found exclusively 
in the more slowly running fractions during the 
earlier stages of immunization, but predominantly 
in the middle fractions at later stages. 

3. By simultaneous intravenous immunization 
of animals against two antigens, it was shown that 
independent patterns of response occurred for each 
antibody. The position of the antibody in the 
fractions is a function of the immunological history 
of the animal and not of the antibody level in the 
serum. 

4. In y-globulm from rabbits immunized by 
intramuscular injection with an adjuvant mixture, 
the antibody occurred in the more slowly running 
fractions throughout. 

5. The combining ratio of antigen with anti- 
body was somewhat greater in the faster than in the 
more slowly running fractions. In the case of anti- 


hen ovalbumin antibodies, the extent of cross- 
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reaction with duck ovalbumin was similar in all 
fractions. 

6. The findings suggest that different 
capable of producing slightly different globulins, 
may predominate in antibody production according 
to the route of injection and duration of the anti- 


cells, 


genic stimulus. 


We wish to thank Dr A. Isaacs of this Institute for pre- 
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The Lipids of Fish 
6. THE LIPIDS OF COD FLESH* 


By M. DOLORES GARCIA,;+ J. A. LOVERN anp JUNE OLLEY 
Department of Scientific and Industrial Research, Food Investigation Organization, 
Torry Research Station, Aberdeen 


(Received 6 May 1955) 


Previous papers in this series have dealt with the 
lipids of haddock flesh, but have referred to similar 
findings with cod flesh. Cod (Gadus callarias) and 
haddock (G@. aeglefinus) are closely related species, 
so that similar lipid patterns might be expected. 
Both species are of great economic importance, 
meriting separate study and, in view of the great 
complexity of the haddock lipids and the finding in 
them of various novel and as yet inadequately 
characterized classes of lipid, the complementary 
data available from the cod studies are of bio- 
chemical interest. It seems unnecessary, however, 
the same. detail as the 
the 


to present this work in 


haddock 


experimental techniques were the same. 


investigations since, in general, 


IX PERIMENTAL 


Extraction and purification 
A total of 43-74 kg. of cod flesh was extracted successively 
with acetone, ethanol-ether, ethanol—benzene, chloroform— 
methanol and pyridine in the manner described for haddock 
(Lovern, 1953). The initial acetone extraction of each batch 
was performed at sea immediately after the death of the 
fish. The successive crude extracts (or in some cases sub- 


* Part 5: Olley & Lovern (1954). 
+ British Council Scholar. 
Oceanografico, Madrid. 


Present address: Instituto 


fractions of them, see below), after removal of solvent, were 
purified by dissolving in chloroform—methanol (3:1, by 
vol.), and submitting this solution to aqueous extraction by 
the procedure of Folch, Ascoli, Lees, Meath & LeBaron 
(1951). Material insoluble in chloroform—methanol, or 
removed by water extraction, was found, as in the haddock 
studies, to be overwhelmingly non-lipid in nature, with one 
notable exception. The acetone-soluble portion of the 
acetone extract was not submitted to the procedure of 
Folch et al. (1951) until after counter-current distribution 
between ethanol—water (85: 15, by vol.) and light petroleum 
(b.p. 40-60°). Fractions distributed right to the ethanol 
end (fractions 1-3) were very rich in non-lipid contami- 
nants and the main lecithin peak followed them (fractions 
4-10). The technique of Folch ef al. (1951) applied to 
fractions 4-10 resulted in appreciable amounts of lecithin 
(some 17% of the total in the fraction) passing into the 
water-methanol phase, and also collecting as an inter- 
phasial substance. This did not happen with the preceding 
fractions (1-3), which were also quite rich in lecithin, nor 
have we ever encountered this behaviour elsewhere. 
Fractions 4-10 were unusual, however, in having been 
largely freed from inorganic salts; the latter would already 
have passed into fractions 1-3 during counter-current 
distribution. Folch, Lees & Sloane-Stanley (1954) have 
recently reported the passing of lipids into the methanol 
water phase when previous aqueous extraction has re- 
moved such salts. Surprisingly small amounts of salts are 
involved, even 10-4m-CaCl, having a marked effect. 

All extracts were separated into acetone-soluble (A.s.) 
and acetone-insoluble (A.1.) fractions, the purification 
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procedure of Folch et al. (1951) being applied subsequently 
in the case of the acetone and ethanol-ether extracts, but 
previously with the other three extracts. The purified 
fractions still contained non-lipid material, as 
determined subsequently from the analytical data, as was 
the case with the haddock lipids. The extraction and 
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Fractionation and analysis 
Counter-current distribution between ethanol—water 
(85:15, by vol.) and light petroleum (b.p. 40-60°) was used 
to fractionate the acetone-soluble and acetone-insoluble 
portions respectively of the acetone, ethanol-ether and 


ethanol—benzene extracts. The other two extracts were too 


purification data are summarized in Table 1, where some 
small to permit of this, but the acetone-soluble portion of 


comparison with haddock is made. 


Table 1. Extraction and purification of the lipids of cod flesh 


All data as g./100 g. fresh tissue. Water washing according to Folch ef al. (1951). 


N.L.* 
removed by N.L.* 
re-extraction removed by N.L.* 
Crude with CHCI,— water remaining True lipid 
Solvent extract methanol washing in lipids True lipid (haddock) 
Acetone 0-61 Nilt 0-10 0-03 0-48 0-48 
Ethanol-ether 0-16 0-04 0-03 0-03 0-06 0-07 
Ethanol—benzene 0-25 0-14 0-05 0-04 0-02 0-03 
Chloroform—methanol 0-09 0-05 0-03 0-004 0-006 0-007 
Pyridine 0-01 Nil 0-002 0-003 0-005 0-004 
Total 1-12 0-23 0-21 0-11 0-57 0-59 


* N.L. =non-lipids. 
+ The acetone extract had already been purified by re-extraction with light petroleum (cf. Lovern, 1953). 


Table 2. Analytical data on pooled fractions of cod-flesh lipids 


All values as g./100 g. A dash indicates that the particular determination was not made. 


Unsaponi- Glycero- Ethanol- 
Fatty fiable phosphate amine 
Fraction acid matter N - P Choline N Glycerol Inositol 

Lecithin concentrate 64 8-4 1-3 3-2 3-1 78 O15 0-45 
Acetone ext. 

4.S. 1-3 (after 53 2-3 1-5 2-7 1-15 15-6 Nil 0-6 Nil 

washing) 

a.s. 11-18 48 20 — 0-47 0-25 0-7 Nil 

a.s. 19-29 32 67 Nil Nil . 0-5 Nil 

4.S. 30-32 49 53 1-8 Nil 

4.1. 10-17 71 3-9 1-5 3-5 2-4 1-25 0-64 0-7 0-15 

4.1. 18-42 34 32 - 0-64 Nil 1-3 0-02 
Ethanol-ether ext. 

a.S. 1-3 22 3-5 1-] 1-3 0-8 19-5 Nil 3-9 Nil 

a.s. 4-11 17 23 _ 0-59 7-2 

4.s. 12-14 42 46 - 0-04 Nil 

4.1. 8-29 28 11 18 2-1 0-21 3-41 4-10 

4.1. 30-32 69 7-2 - 1-8 1-6 0-16 5-91 1-04 
Ethanol—benzene ext. 

as: J 14 28 71 1-1 0-54 1-6 0-07 Nil Nil 

4.s. 2-4 4 22 3-2 0-43 0-40 0-95 Nil Nil Nil 

a.S. 5-6 53 20 0-5 Trace - Nil - Nil 

a.s. 7-9 41 42 0-2 Trace . Nil Nil 1-65 Nil 

a.r. 1 0-4 3-3 10-3 0-46 - - 

A.I, 2-4 12 4 5-4 2°5 1-35 0-4 0-16 79 5-05 

4.1. 5-9 56 25 0-5 2-9 1-0 0-4 0-02 4-65 
Chloroform—methanol ext. 

4.S. neutral 38 50 0-9 0-07 - Nil 0-01 1-85 2-5 

a.s. acidic 47 33 0-76 0-61 1-5 

a.I. Lost 25 3-0 2-53 1-14 1-9 0-18 6-2 6-7 
Pyridine ext. 

A.S. neutral 6-8 84 4-6 Nil — Nil Nil Nil Nil 

4.S. acidic 62 25 -— 0-22 0-14 Nil - - 

at. 8-4 9-5 53 1-06 0-13 Nil Nil Nil Nil 
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each was separated into a neutral and an acidic fraction by 
washing an ether solution with aqueous sodium carbonate 
(cf. Olley & Lovern, 1954). Fractions were pooled on the 
basis of distribution behaviour, appearance and analytical 
data, as in previous papers. The entire fractionation scheme 
is summarized in Fig. 1. The counter-current distribution 
curves showed the same forms as those for the correspond- 
ing fractions of haddock-flesh lipids and are not reproduced 
here. 

The final groups of fractions were analysed, by the 
methods described previously (Lovern & Olley, 19534, b; 
Olley & Lovern, 1953, 1954), for fatty acids, unsaponifiable 
matter, nitrogen, phosphorus, choline, ethanolamine (with 
the exception of one fraction, serine was absent), glycero- 
phosphate, glycerol and inositol. Only after the completion 
of most of these studies did we become aware of the 
complex nature of the supposed ‘glycerophosphate’ in 
certain of the fractions (see Olley, 1956). Only two fractions 
were subsequently available for detailed studies of glycero- 
phosphate-like esters, namely a.s. 1-3 and 4.1. 10-17 of the 
acetone extract. The former of these contained a total of 
2.4% of material reacting as glycerophosphate with acid 
periodate, but only 48% of this material was insoluble in 
ethanol. Fractions A.1. 10-17 contained mainly ethanol- 
insoluble glycerophosphate, presumably genuine, but there 
was a small proportion of ethanol-soluble phosphate esters 
(Olley, 1956). Certain fractions were also analysed for free 
and total cholesterol and for free fatty acids (or acidic 
lipids). Three groups of fractions, which were main lecithin 
concentrates, were pooled for further analysis. These were 
fractions A.s. 4-10 and 4.1. 1-9 of the acetone extract, and 
fractions A.1. 1-7 of the ethanol-ether extract. Plasmal, 
determined by the method of Feulgen & Griinberg (1938), 
was ‘present to the extent of about 1-5%. The main ana- 
lytical results are given in Table 2. Cholesterol determina- 
tions on the fractions where it was concentrated (A.s. 
19-29 and 30-32 of the acetone extract) gave values of 
64 and 71% free and total respectively for 19-29, and 10-1 
and 33-7 % for 30-32. Fractions a.s. 11-18, a.s. 19-29 and 
A.S. 30-32 of the acetone extract contained 43-5, 25-2 and 
14-0% respectively of acidic lipids, essentially free fatty 
acids. Fractions a.s. 1-3, a.s. 4-11 and a.s. 12-14 of the 
ethanol-ether extract contained 13-8, 48-5 and 2-1%, 
respectively, of acidic lipids, which were not free fatty 
acids, but complex substances like the acidic lipids found 
in the chloroform—methanol and pyridine extracts (and in 
corresponding haddock-flesh extracts). 

The unsaponifiable matter was in some cases acetylated 
and the saponification equivalent of the acetates deter- 
mined, thus permitting a rough estimation to be made of 
the proportion of alcoholic and non-alcoholic (hydro- 
carbon?) material present. Values obtained were as follows: 
ethanol-ether extract, A.s. 1-3, 414; a.s. 4-11, 560; A.s. 
12-14, 1437; ethanol-benzene extract, A.s. 7-9, 1340; 
chloroform—methanol extract, A.s. neutral, 1277. This is 
in agreement with findings on haddock lipids, that the 
saponification equivalents rise steeply towards the light- 
petroleum end of a counter-current distribution. 

Fraction A.s. 30-32 of the acetone extract was submitted 
to chromatography (from light-petroleum solution) on 
silica gel (Borgstrém, 1952). Elution was achieved with 





light petroleum (b.p. 40-60°) containing increasing pro- 
portions of benzene, as described by Borgstrém. The most 
readily eluted material consisted of unsaponifiable matter 
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other than cholesterol, followed by cholesterol esters, 
triglycerides plus free fatty acids, and finally free cholesterol. 
Separation was sufficiently sharp to permit a rough com- 
parison of the composition of fractions 30-32 as calculated 
from the analytical data (see Table 4) and as observed 
chromatographically. This is shown in Table 3. 


of chromatographic and 
30-32 of 


Table 3. Comparison 
calculated composition of fraction A.s. 


the acetone extract 
Chromatography 





— —~——_——., Analysis 
Fractions (%) (%) 
Unsaponifiable matter 1-4 16 19 
other than cholesterol 
Cholesterol esters 5-12 35 40 
Triglycerides plus free 13-20 39 31 
fatty acids 
Free cholesterol 21-23 10 10 


Chromatographic fractions 1-4 proved to consist entirely 
of a mixture of hydrocarbons, partial separation by vacuum 
distillation indicating a molecular weight range of at least 
240-414. The unexpectedly low degree of unsaturation 
(iodine values 7-28) suggested contamination of the crude 
extracts with material derived from rubber. Rubber 
bungs extracted with organic solvents, e.g. light petroleum, 
yielded an extract consisting almost entirely of unsaponifi- 
able matter, which was predominantly a mixture of hydro- 
carbons. Chromatographic analysis, infrared spectroscopy 
and analytical data all showed that these markedly 
resembled the material found in the fish extracts. 


DISCUSSION 

Calculation of composition 
The analytical data given in Table 2 have been 
interpreted as outlined in previous papers. No 
attempt made, however, to estimate 
separately the different types of ‘unidentified 
lipid’ in the way followed for haddock. Nor have 
plasmalogens been calculated, the plasmal found in 
the main lecithin fraction being treated as equiva- 
lent to twice its weight of fatty acids for purposes 
Hence plasmalogens have been 


has been 


of calculation. 
‘absorbed’, on a pro rata basis, into the other 
various lipid classes of this fraction. The impurities 
removed at different stages (cf. Fig. 1) were all 
hydrolysed and examined for fatty acids, unsaponi- 
fiable matter and, for the material from fractions 
A.s. 1-3 and 4-10 of the acetone extract, also for 
choline and The calculated 
composition of the fractions and of the total lipids 
of cod flesh is given in Table 4, the data on the 
summarized for this 


glycerophosphate. 


various impurities being 
purpose. 

For comparison the composition of haddock- 
flesh lipids (Olley & Lovern, 1954) has been added 
at the foot of Table 4, the small proportion of 


plasmalogens (1-7%) being incorporated pro rata 
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into the two main fatty acid-containing lipids. The 
similar lipid pattern is clear. There is marked dis- 
crepancy between these results and those obtained 
for cod flesh by Kaucher, Galbraith, Button & 
Williams (1943) by calculation from certain 
analytical data on an unpurified extract. 


Unidentified lipids 


The unidentified lipids of cod, like those of 
haddock, include a phospholipid only partially 
separable from lecithin by counter-current distri- 
bution, e.g. in the main lecithin fraction, and 
another phospholipid easily separable from lecithin 
in that it passes to the extreme light-petroleum end 
of the counter-current sequence. In both haddock 
and cod this second lipid was found predominantly 
in the ethanol-ether extract (A.1. 30-32 in Tables 2 
and 4). These substances correspond to the ‘un- 
identified lipids A and C’ of the haddock extracts. 
It is uncertain to what extent the ‘unidentified 
lipid B’ of haddock (Lovern & Olley, 19536) was 
present in cod. 

In haddock, unidentified lipids A and C were 
found to have a fatty acid : ‘glycerophosphate’ P 
ratio considerably in excess of the 2: 1 of the normal 
phosphatidyl esters (Olley & Lovern, 1953; 
Lovern & Olley, 1953). The same is true for the 
corresponding lipids of cod flesh. Taking fractions 
relatively rich in unidentified lipid A, e.g. a.1. 12-25 
of the acetone extract of haddock (Olley & Lovern, 
1953) and the corresponding fraction from cod 
(a.1. 10-17 of the acetone extract), a ratio of 4-7 was 
obtained for both, assuming fatty acids of average 
molecular weight of 300. For unidentified lipid C, 
the main concentrate of this from the ethanol— 
ether extract of both haddock (L. 19-20, Lovern & 
Olley, 19536) and cod (a.1. 30-32) again show a 
ratio of 4-7 for haddock and 4-4 for cod. Bearing in 
mind the various assumptions that have to be 
made in assigning the total fatty acids and 
‘glycerophosphate’ of the fractions, this agreement 
suggests that at least part of the structure is the 
same in the two types of unidentified lipid, which 
may have four or five fatty acid molecules per 
atom of phosphorus. 

The ‘ glycerophosphate’ in question gives a water- 
soluble barium salt, i.e. it does not include the 
‘false’ glycerophosphate fraction of Olley & Lovern 
(1953). Nevertheless, it is certainly not all true 
glycerophosphate in unidentified lipid A (Olley, 
1956), and it is possible that in unidentified lipid C, 
studied in this respect, the ‘glycero- 
includes other phosphate esters esti- 


not yet 
phosphate’ 
mated as glycerophosphate by the acid periodate 
method. In fractions a.1. 10-17 of the acetone 
extract of cod flesh some 71% of the ‘glycero- 


phosphate’ P can be accounted for by identifiable 


lipids. The ratio of ‘excess’ glycerol liberated by 
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complete hydrolysis of these phosphate esters (i.e. 
total glycerol liberated minus glycerol attributable 
to identified phospholipids) to excess ‘glycero- 
phosphate’ P is about 2-3 (Olley, 1956). Phosphate 
esters with a high glycerol: P ratio were also found 
in a haddock preparation containing unidentified 
lipid A (Olley, 1956). 

In spite of the very mixed nature of the fractions 
rich in unidentified lipids A and C, there is thus 
emerging a possible clue to part of the structure of 
these lipids, e.g. a phosphate radical linked to two 
glycerol molecules, each of which is esterified with 
two fatty acid radicals. (P:glycerol:fatty acid = 
1:2:4). More complex units of this general type 
might equally be involved, with varying ratios of 
these three components. More decisive hydrolytic 


studies must, however, await the isolation of 
relatively pure preparations of these particular 
lipids. 


The nitrogenous components of concentrates of 
unidentified lipids A and C have not yet been 
identified, nor is it clear that all the nitrogen present 
is of lipid origin. In earlier papers (e.g. Olley & 
Lovern, 1953) reference was made to a base, found 
in preparations of unidentified lipid A but also 
detectable in most other fractions, which reacts on 
paper chromatograms with phosphomolybdic acid, 
but is readily distinguishable from choline. We 
have never been able to isolate measurable amounts 
of the substance in question and have now found 
that it is a compound derived in minute traces 
from the rubber bungs used until recently during 
vacuum removal of residual HCl from hydrolysates. 
It represents an insignificant proportion of the 
total nitrogen of concentrates of unidentified lipids 
A or C. 

Concentrates of unidentified lipid C yield a 
mixture of bases, some of which interfere in the 
assay of choline as reineckate (Lovern & Olley, 
19536). The total bases of a hydrolysate of fractions 
A.1. 30-32 of the ethanol-ether extract of cod flesh 
was separated into fractions precipitable by 
reineckate and fractions not precipitable by rein- 
eckate, each of which was shown by ion-exchange 
chromatography and by solubility properties to be 
a complex mixture. 


Inositol lipids 


The inositol lipids of haddock flesh consisted 
mainly of two types of compound which were 
sharply separated by counter-current distribution 
to the two ends of the system, with possibly a 
third component of intermediate partition co- 
efficient (Lovern & Olley, 19536). In cod flesh this 
intermediate type is well in evidence (cf. fractions 
A.1. 8-29 of the ethanol-ether extract, Table 2), but 
the type found at the extreme ethanol end is the 
predominant one (cf. main lecithin fraction in 
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Table 4). There is no evidence for the existence 
in cod of the inositol lipid which is distributed to 
the light-petroleum end of the counter-current 
sequence. 

Further evidence of a different imositol lipid 
pattern of cod and haddock flesh is afforded by 
chromatography. When the main lecithin fraction 
of cod flesh, representing over half the total inositol 
lipids, was passed in chloroform—methanol—water 
(80:20:2-5, by vol.) solution through a cellulose 
column (cellulose:lipid ratio, 19:1) and _ the 
column was washed with the same solvent, only 
16% of the total inositol could be eluted. The 
remaining 84% was eluted with methanol and 
found to be combined inositol, probably lipid 
inositol, since fatty acids in more than adequate 
proportions were found in hydrolysates of this 
fraction. With the total acetone-insoluble lipid 
from the acetone extract of haddock flesh, only 
19-4 % of the inositol present (equally being com- 
bined inositol, as the unadsorbed 
fractions) remained on the column (cellulose : lipid 
25:1) chloroform—methanol—water 
solution. 

Smith (1954) found that, with the lipids of rubber 
latex, inositol remaining on a cellulose column from 


was that in 


ratio, from a 


a similar solvent 
methanol) was in the free state, all lipid inositol 
passing through. Adsorption on cellulose is a useful 
method of purification in some cases, e.g. for the 
phospholipids of egg yolk (Lea & Rhodes, 1953) or 
rubber latex (Smith, 1954), but this method could 
not be used for these fish-muscle extracts without 
loss of inositol-containing lipids. 


Lipids containing glycerol 


The presence of considerable proportions of 


glycerol in alkaline hydrolysates of fractions, where 
triglycerides should not be encountered, was re- 


ported for haddock, and the possible presence of 


monoglycerides was mentioned (Olley & Lovern, 


1954). 
served in some cod fractions. The glycerol in 


fractions A.Ss. 1-3 and a.s. 4-11 of the ethanol—ether 


Similar occurrences of glycerol were ob- 


extract (Table 2) may again suggest the presence of 


partial glycerides since it cannot be attributed to 
inositol lipids or triglycerides. The glycerol in 


fractions A.I. 30-32 of the same extract is far in 


excess of the inositol present, but the presence of 


triglycerides, which would accord with the partition 
coefficient, is inconsistent with acetone insolubility. 
A similar phenomenon was observed in the haddock 
investigations, e.g. in fraction A.1. 10 of the chloro- 
form—methanol extract (Table 1 of Olley & Lovern, 
1954). Both species appear to contain very small 
proportions of glycerol-based lipids, other than the 
familiar type of glyceride. The presence of con- 
siderable amounts of glycerol was in all cases con- 


M. D. GARCIA, J. A. LOVERN AND J. OLLEY 


(containing ethanol instead of 


1956 


firmed by paper chromatography, in addition to its 
analytical determination by the method of Whyte 
(1946). Fleury & Le Dizet (1952) noted the 
presence of small proportions of glycerol in hydro- 
lysates of highly purified lecithin. As with haddock, 
inositol in the cod fractions was always accompanied 
by glycerol, and in inositol-rich fractions the 
glycerol can be assigned fairly satisfactorily to 
inositol lipids, the molar ratio of glycerol to 
inositol being, as in haddock, about two instead of 
one as in brain diphosphoinositide. 


Hydrocarbons 

The probable presence of very small proportions 
of hydrocarbons in haddock-lipid extracts was 
reported previously (Olley & Lovern, 1954). Such 
compounds have now been isolated chromato- 
graphically from lipid extracts of cod flesh and 
their presence in haddock extracts was confirmed 
by the same technique. Although rubber bungs 
were used only during vacuum removal of residual 
traces of solvents, it appears probable that the 
hydrocarbons found were largely, if not entirely, 
derived from these bungs. They have, accordingly, 
been deleted from the final composition of these 
fish lipids, as given at the bottom of Table 4. 


Acidic lipids 
The cod extracts, like the haddock extracts 
(Olley & Lovern, 1954), contained complex acidic 
lipids. 
SUMMARY 


1. Cod flesh was extracted successively with a 
series of solvents and the various extracts were 
purified, fractionated and analysed by the pro- 
cedures used previously for haddock flesh. 

2. Cod flesh contains the same amount of total 
lipids as haddock flesh (about 0-6 %) and the lipid 
mixture is very similar in the two species, that from 
cod containing approximately: lecithin 35, waxes 
and alcohols 13, free cholesterol 8, phosphatidyl 
ethanolamine 7, free fatty acids 6, cholesterol esters 
5, triglycerides 3, inositol lipids 2 and unidentified 
lipids 21%. 

3. The unidentified lipids of cod flesh resemble 
those from haddock in containing at least two types 
of phospholipid. One type is apparently based on 
phosphorylated glycerol but not on normal glycero- 
phosphorie acid, and probably has a fatty acid: 
glycerol: P ratio approximating 4:2:1. The other 
type also has a fatty acid: P ratio of about 4:1, but 
its phosphorus: glycerol relationship has not yet 
been studied. These phospholipids probably con- 
tain nitrogen, but the bases in question have not 
been identified. 

4. The inositol lipids of both species include 
more than one type of compound and in the cod 
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such compounds are present in considerably 
different proportions from those found in haddock- 
flesh extracts. 

5. Hydrocarbons found in both cod- and 
haddock-lipid extracts are probably contaminants 
derived from rubber. 

6. Complex acidic lipids occur in the cod 
extracts, as in those from haddock. 

The work described was carried out as part of the 


programme of the Food Investigation Organization of the 
Department of Scientific and Industrial Research. 
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The Lipids of Fish 
7. PHOSPHATE ESTERS IN THE LIPIDS OF HADDOCK AND COD FLESH 


By JUNE OLLEY 
Food Investigation Organization, Department of Scientific and Industrial Research, 
Torry Research Station, Aberdeen 


(Received 6 May 1955) 


In the course of investigations of fish lipids in this 
laboratory, it became evident that in certain cases 
the phosphate esters present in the aqueous phase 
from an alkaline hydrolysate could not be ac- 
counted for as glycerophosphate. The solubility, 
chromatographic and hydrolytic properties were 
not compatible with those of the latter ester. 
Several methods other than the classical separations 
of the heavy-metal salts have been used in an 
attempt to identify these other phosphate esters. 
They are as follows: (1) Paper chromatography. 
(2) Solubility in ethanol; Fleury & Le Dizet (1950) 
found that sodium glycerophosphate has a neg- 
ligible solubility in absolute ethanol even at the 
boiling point. (3) Susceptibility to hydrolysis at 
pH 4. Fleury (19486) used this method to dis- 
tinguish between acid and 
certain of its derivatives; the latter require a pre- 
liminary hydrolysis with N-HCl at 100° to convert 
them into glycerophosphorie acid which is then 
hydrolysed at pH 4 to yield inorganic phosphate 
and glycerol. (4) Estimation of the glycerol: phos- 
phorus ratio of esters susceptible to hydrolysis at 
pH 4 and also of those hydrolysed at pH 4 only 
after a preliminary hydrolysis with N-HCl. (5) 


glycerophosphorie 


Separation of phosphate esters according to the 
solubility of their barium salts in water. 


10%, of 


the phosphate esters from the ethanolic-KOH 
hydrolysates of the total acetone-insoluble phos- 
pholipids of the acetone extract of haddock flesh, 
which reacted with periodate, had been found to 
have water-insoluble barium salts (Olley & Lovern, 
1953). Barium glycerophosphate is water-soluble. 

Schmidt, Greenbaum, Fallot, Walker & Thann- 
hauser (1955) have very recently published a 
method for distinguishing the glycerylphosphory! 
esters by their complete resistance to prostatic and 
intestinal phosphatases. 


EXPERIMENTAL 


Two fractions from an acetone extract of cod muscle were 
examined. These have been referred to (Garcia, Lovern & 
Olley, 1956; Table 5) as a.s. 1-3 and 4.1. 10-17, i.e. the first 
three most polar fractions in the counter-current distribu- 
tion of the acetone-soluble (a.s.) lipids of the acetone 
extract between light petroleum : ethanol—water (85:15, 
by vol.), and the less polar fractions following the main 
‘lecithin’ peak from the counter-current distribution of 
the acetone-insoluble (a.1.) lipids of the acetone-soluble 
fraction, respectively. 

These fractions were hydrolysed by refluxing for 2 hr. 
with 0-5N-KOH in 95% (v/v) ethanol. They were acidified 
and the fatty acids and unsaponifiable matter were ex- 
tracted with ether. The aqueous hydrolysate was taken to 
dryness and excess HCl was removed under vacuum. The 
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dried residue was then extracted twice with boiling absolute 
ethanol. The ethanol-soluble and ethanol-insoluble frac- 
tions were analysed for total phosphorus. Other fractions 
examined were a sample of the main acetone-insoluble 
‘lecithin’ fraction from haddock muscle (shown in Fig. 1 of 
Olley & Lovern, 1953) and a sample of synthetic distearoyl- 
pL-a-lecithin, a gift from Dr T. H. Bevan, Bristol Uni- 
versity. After hydrolysis, acidification and removal of 
fatty acids and unsaponifiable matter, the hydrolysates 
were neutralized before being taken to dryness for extrac- 
tion with ethanol. This was found to be necessary as gly- 
cerophosphate is unstable in the pH range 3-5 and it was 
found that when the pH of a solution of 60 mg. of sodium 
glycerophosphate in 100 ml. of water was adjusted to 4 and 
taken to dryness in vacuo, 2% of the total phosphorus was 
hydrolysed to inorganic phosphate. 

Phosphorus estimations. The method of LePage & 
Umbreit (1949) for estimation of total P by ashing with 
H,SO, and H,O, has always been found satisfactory for 
glycerophosphate. It was of interest to note, however, that 
certain of the fractions from the cod extracts gave signifi- 
cantly low results by this method. King (1932) has pointed 
out that HClO, has four times the oxidative capacity of 
H,SO, and therefore Allen’s (1940) method of digestion 
with HClO, was generally adopted. This treatment 
appeared to give complete breakdown, since the value 
obtained agreed with that found after hydrolysis with 
n-HCI at 100° followed by autoclaving at pH 4. The 
resistance of certain water-soluble phosphate esters to 
digestion with H,SO, probably explains the loss of P on 
alkaline hydrolysis of certain lipid fractions commented on 
in an earlier paper (Olley & Lovern, 1953). 

Estimation of phosphate esters. «- + B-Glycerophosphate 
has been estimated by the periodate oxidation of the 
vicinal hydroxyl groups with simultaneous acid hydrolysis 
of the resulting glycollic aldehyde phosphate and measure- 
ment of the orthophosphate liberated, as described by 
Olley & Blewett (1950). This treatment would also produce 
orthophosphate from alkyl esters produced by mild alkaline 
hydrolysis of phospholipids (Fleury, 1948a), the poly- 
glycerylphosphates of McKibbin & Taylor (1952), glyceryl- 
phosphoryl-choline, -serine and -ethanolamine, and from 
the many unidentified phosphate esters found together 
with glycerophosphate in rat liver (Olley & Blewett, 1950). 
This method was compared with that of Fleury (19485), 
slightly modified. Fleury heated a solution adjusted to 
pH 4 at 120° for 24hr. to obtain orthophosphate from 
glycerophosphate. The glycerophosphate derivatives were 
only hydrolysed to a very small extent at this pH. Another 
sample was first heated for 1 hr. at 100° with N-HCl to con- 
vert glycerophosphate derivatives into glycerophosphate, 
then brought to pH 4 and heated at 120° for 24 hr. Auto- 
claving for 7 hr. at 15 lb. pressure was found more reliable 
than Fleury’s method, which gave slightly low results. 
Autoclaving caused no increase in the breakdown of esters 
resistant to hydrolysis at pH 4. All hydrolyses were 
carried out in Pyrex vessels. Soda glass was found to cause 
considerable changes in pH. The glycerol liberated by these 
hydrolyses was also estimated. 


Estimation of glycerol. Glycerol was estimated chromato- 
graphically by the method of Fisher, Parsons & Morrison 
(1948), who found that the area of a chromatographic spot 
was proportional to the logarithm of the concentration. The 
chromatograms were run in n-propanol—water (80:20, by 
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vol.) on Whatman no. 1 papers to the specifications of 
Datta, Dent & Harris (1950). A set of standard glycerol 
spots was run on every sheet of paper. The papers were 
dipped in the AgNO,—NaOH reagent of Trevelyan, Proctor 
& Harrison (1950) and washed as described by them with 
6N-NH,OH; this treatment was necessary as substances 
with the same R, as glycerol were present in extracts which 
had not been hydrolysed with N-HCl. These latter spots 
were washed away with ammonia. The method was reliable 
for 6-20 pg. of glycerol. Glycerol spots eluted and run in 
two different solvents showed only a single spot. A further 
guide to the specificity of the method lay in the fact that 
glycerol reacts fairly slowly with AgNO,—NaOH, whereas 
other substances, e.g. dihydroxyacetone, which had the 
same R, as glycerol in propanol—-water, reduced AgNO, 
instantaneously when the paper was dipped in NaOH. In 
none of the fish extracts did a spot appear immediately. 
However, an unidentified spot which intensified on 
washing with NH,OH appeared in all the ethanol-soluble 
fish extracts. This substance gave no reaction with the 
aniline hydrogen phthalate sugar spray or with the fuchsin 
spray for aldehydes. The Rp values of glycerol and the 
unknown were estimated in three solvent systems. They 
were: propanol—water (80:20, by vol.), 0-69, 0-49; phenol- 
NH,OH, 0-68, 0-78; butanol-acetic acid—water (5:1:2, by 
vol.), 0-49, 0-49, respectively. 

Barium hydroxide precipitation. Samples of the ethanol- 
soluble and ethanol-insoluble phosphate esters from hydro- 
lysates of fractions 4.s. 1-3 and 4.1. 10-17 were shaken with 
finely-ground Ba(OH),,8H,O until alkaline to phenol- 
phthalein. Inorganic P liberated by periodate oxidation and 
acid hydrolysis was estimated on the water-soluble and 
water-insoluble barium salts. 

Removal of salts with ion-exchange resins. For chromato- 
graphy of glycerol and phosphate esters it was sometimes 
necessary to remove inorganic salts. Dawson (1954) and 
Ansell & Norman (1955) used the weak carboxylic acid 
resin Amberlite IRC-50 to remove alkali from methanolic- 
NaOH hydrolysates of lipids. This method is effective, 
provided that it is done rapidly enough. Thus 0-25n-KOH 
in 50% (v/v) aqueous ethanol containing 5 mg. of Na f- 
glycerophosphate/ml., passed through a column (1 x 7-5em.) 
of IRC-50 at the rate of 0-5 ml./min., was found to be 
hydrolysed to the extent of 1:6% to orthophosphate; 
however, 12 mg. of Na B-glycerophosphate in 20 ml. of 
water shaken with 5 g. of IRC-50 was hydrolysed to ortho- 
phosphate to the extent of 13% in 1-5 hr. with no B>« 
conversion; on the other hand, the same quantity of B- 
glycerophosphate shaken overnight with 5 g. of a strongly 
cross-linked sulphonated polystyrene resin (Partridge & 
Brimley, 1952) was unhydrolysed, but 3-4% was converted 
from the f into the « form. The same quantity of Na f- 
glycerophosphate shaken overnight at room temperature 
with H,SO, equivalent to the acid capacity of 5 g. of poly- 
styrene resin showed 37% B->« conversion and no hydro- 
lysis. This hydrolysis of glycerophosphate with the weaker 
resin is possibly explained by the fact that the environ- 
mental pH during desalting with IRC-50 is in the region of 
4-5 (Kunin & Barry, 1949), a pH range at which glycero- 
phosphate is particularly susceptible to hydrolysis. 
Thudichum (1884) was aware of the hydrolysis of glycero- 
phosphate under mildly acid conditions. The stronger 
sulphonic acid resin could not, however, be used, as this 
appeared to cause hydrolysis of phosphate esters of the 
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type split by N-HCl. Fleury & Le Dizet (1952) do, in fact, 
comment that the properties of the phosphate esters 
obtained by the mild alkaline hydrolysis of egg lecithin 
were altered by ion-exchange resins. Some solutions were 
desalted by the electrolytic method of Consden, Gordon & 
Martin (1947). 

Chromatography of phosphate Chromatograms 
were run by the ascending technique in the apparatus of 
Datta et al. (1950). The solvent systems used were phenol— 
NH, and n-propanol—water (80:20, by vol.). 


esters. 


RESULTS 


Table 1 shows the amounts of phosphorus in an 
ethanol-soluble and ethanol-insoluble form 
present in various preparations. The negligible 
solubility of sodium and potassium glycerophos- 
phates in absolute ethanol was confirmed (cf. 
Fleury & Le Dizet, 1950). Distearoyl-pu-«-lecithin, 
hydrolysed with ethanolic KOH, gave slightly 


an 


Table 1. Solubility of the N 
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Table 2 shows that in the present work five types 
of phosphate ester could be distinguished : 

(1) Phosphate esters with ethanol-soluble salts 
susceptible to hydrolysis at pH 4 after 7hr. at 
15 lb. pressure in an autoclave, producing more 
than one molecule of glycerol per molecule of 
phosphoric acid. 

(2) Phosphate esters with ethanol-insoluble salts 
susceptible to hydrolysis at pH 4 after 7 hr. at 
15 lb. pressure, producing one molecule of glycerol 
per molecule of phosphoric acid. This is presumably 
true glycerophosphate. 

(3) A compound not based on glycerol, which 
after hydrolysis at pH 4 liberated small quantities 
of phosphoric acid and reduced the glycerol: P ratio 
in the glycerophosphate fraction to slightly less 
than 1. 

(4) Phosphate esters with ethanol-soluble salts 


susceptible to hydrolysis at pH4 only after 


Na and K salts of the phosphate esters produced on alkaline hydrolysis of lipids 


Lipids hydrolysed by refluxing with 0-5N-KOH in 95% (v/v) ethanol for 2 hr. (~ 25 ml./g. of lipid). The lipid hydroly- 
sates were acidified and extracted with ether to remove fatty acids and unsaponifiable matter and then neutralized before 
evaporation to dryness and extraction with ethanol, with the exception of a.s. 1-3 and 4.1. 10-17 where excess HCl was 


rem<¢ »ved in vacuo. 


Vol. of ethanol 
for extraction of 


phosphate esters 


Fraction 
Cod muscle 
a.s. 1-3 (5 g.) 
Cod muscle 
1. 10-17 (5 g.) 
Haddock muscle (main ‘lecithin’ 
acetone extract) (2 ¢.) 


Synthetic distearoyl-pL-«-lecithin (110 mg.) 


fraction from 


Na £-glycerophosphate (100 mg.) 

K glycerophosphate (365 mg.) 

1 ml. 20% glyce rophosphoric acid refluxed for 2 hr. 
with 0-5N-KOH in 95% ethanol 


more ethanol-soluble phosphorus than did glycero- 
phosphoric acid, but this increased solubility may 
have been due to the presence of choline and traces 
of fatty acids in the hydrolysate. The ‘lecithin’ 
fraction from haddock muscle gave most of the 
phosphorus in the form of ethanol-insoluble salts, 
i.e. as true glycerophosphate after refluxing with 
0-5N-KOH in 95% ethanol for 2-hr. The two cod 
fractions, on the other hand, in which after counter- 
current distribution appreciable quantities of un- 
identified lipids were concentrated, had far higher 
percentages of ethanol-soluble phosphate ester 
salts. Ovolecithin, a gift from Dr C. Long, Aberdeen 
University, behaved to fish-muscle 
lecithin and appeared to be split to true glycero- 


similarly 


phosphate. 


Ethanol-soluble P Ethanol-insoluble P 


(ml.) (mg.) (mg.) 

~ 300 58-4 81-4 

~ 300 25-6 145-5 
200 6-45 84-4 
100 0-29 4-2 
100 0-07 Not determined 
100 0-07 Not determined 
100 0-06 11-8 


previous hydrolysis with N-HCl for 1 hr. at 100°. 
The unidentified ethanol-soluble phosphate esters 
of cod muscle from fractions A.s. 1—3 and a.1. 10-17 
liberated after hydrolysis with N-HCl and at pH 4 
The 
ratio for esters from an acetone-insoluble phos- 
pholipid fraction 
haddock muscle was 1-6:1. This difference can be 
explained by the fact that all of the 
insoluble unidentified lipids of the 
extract were included in this fraction, 
fraction comparable to cod 4.1. 10-17 would only 
have represented some 20% of the total unidenti- 
fied lipids. 

(5) Phosphate esters stable to hydrolysis at pH 4 
N-HCl followed by pH 4. 


had a glycerol: P ratio of approximately 1:1 


from an acetone extract of 
acetone- 
haddock 


whereas a 


and to hydrolysis at 
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The nature of these compounds is completely 
obscure, and it is possible that more prolonged 
hydrolysis with N-HCl might have placed them in 
the group hydrolysed at pH 4 after preliminary 
hydrolysis with n-HCl. 

The fact that periodate oxidation and subsequent 
estimation of the phosphate liberated from the 
supposed resulting glycollic aldehyde phosphate is 
a very non-specific method of estimating glycero- 
phosphate in biological material is particularly well 
illustrated by the _ ethanol-soluble 
Al. 10-17 (Table 2). The periodate oxidation 
method gave 56-5 % of the P as glycerophosphate, 
while the method of hydrolysis at pH 4 showed 
only a possible 14:6% of glycerophosphate and 
even then the glycerol: P ratio was 2:1 not 1:1. 


Table 3. 


Fraction* 
Cod muscle 
A.s. 1-3 (ethanol-soluble) 
A.S. 1-3 (ethanol-insoluble) 


A.I. 10-17 (ethanol-soluble) 
A.1. 10-17 (ethanol-insoluble) 
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reacted with periodate to liberate inorganic 
phosphate had water-insoluble barium salts. The 
ethanol-soluble phosphate esters all gave water- 
soluble barium salts and were not, therefore, of the 
type found by McKibbin & Taylor (1952) in hydro- 
lysates of a polyglycerolphosphatide of dog liver. 

Table 4 shows the R, values of the ethanol- 
soluble phosphate ester salts from cod-muscle- 
fractions A.s. 1-3 and a.1. 10-17. In phenol/NH, 
these salts had the same R, as sodium glycero- 
phosphate, but in propanol—water they showed a 
greater mobility than glycerophosphate and the 
different stability to hydrolysis at pH 4 of these 
two fractions, shown in Table 2, is reflected in the 
different R, values of their two stronger phosphorus 
spots. 


Phosphate esters which react with periodate, fractionated by solubility of their barium salts in water 


P liberated by periodate 
oxidation (mg.) 
Water-insoluble 
Ba salts 


Water-soluble 
Ba salts 





38-0 0 
35-0 2-45 
14-4 0 
88-5 1-4 


* See footnote to Table 2. 


Table 4. Paper chromatography of ethanol-soluble phosphate esters 
after alkaline hydrolysis of cod-muscle lipids 


Conditions of alkaline hydrolysis as in Table 1. 


Chromatograms were run on papers washed with 2N acetic acid and 


sprayed with the reagent of Hanes & Isherwood (1949) for phosphorus compounds. The spots were developed with ultra- 


violet light (Bandurski & Axelrod, 1951). 


Fraction* Solvent Rp Solvent Rp 

Na glycerophosphate n-Propanol—water 0-08 Phenol/NH, 0-27 
Cod muscle 

A.S. 1-3 (ethanol-soluble) n-Propanol-water _ 0-1 (faint), 0-2 Phenol/NH, 0-28 

A.1. 10-17 (ethanol-soluble) n-Propanol-water 0-12 (faint), 0-4 Phenol/NH, 0-27 


* See footnote to Table 2. 


Table 2 also shows that the periodate method is not 
quantitative for phosphate esters of glycerol other 
than glycerophosphate. Theoretically, since « and B 
esters would be estimated, it might have been 
expected that the inorganic P obtained by simul- 
taneous periodate and acid hydrolysis would 
correspond to the phosphoric acid liberated by 
hydrolysis at pH 4 plus that liberated by nN-HCl 
hydrolysis followed by hydrolysis at pH 4. Some 
70-80 % of this P was estimated by acid periodate 
in most fractions. 

Table 3 shows that only a negligible proportion 


of the ethanol-insoluble phosphate esters which 


DISCUSSION 


methods of recovery of glycero- 


lecithins 


The 
phosphate 
involved shaking with aqueous baryta solutions at 


classical 
from and kephalins have 
room temperature, or refluxing with acid, both of 
which would cause hydrolysis of phosphate esters 
of the type Fleury (19485) 
Fleury & Le Dizet (1954), and of the cardiolipin of 
Pangborn (1947). Bailly (1916), who hydrolysed 
egg lecithin with NaOH in 50 % aqueous ethanol on 
a hot-water bath, did not use a reflux and, there- 


fore, completed the hydrolysis in aqueous solution, 


discussed by and 
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a medium which has been shown by Fleury & 
Le Dizet (1953) to produce less of the ethanol- 
soluble phosphate ester salts. Thus the complex 
phosphate esters found in fish muscle may be 
general constituents of tissues which have been 
overlooked owing to the methods of hydrolysis. 

The mild hydrolysis of a lipid may give greater 
insight into its structure than drastic hydrolysis, or 
on the other hand may be more prone to produce 
artifacts. Fleury & Le Dizet (1953) claimed that 
the hydrolysis of ovolecithin with alcoholic alkali at 
37° gave polyglycerophosphate chains containing 
2-10 atoms of phosphorus depending on the alcohol 
and the alkali used. Products with supposed chains 
of 2-3 atoms of phosphorus were soluble in meth- 
anol and water, but insoluble in ethanol; those 
with chains of four or more atoms of phosphorus 
were soluble in methanol, ethanol and water 
(Fleury & Le Dizet, 1952). Kahane in discussion 
(see Fieury, 1948c) pointed out that methanolic- 
HCl hydrolysis of choline esters resulted in trans- 
esterification and thought that this could also 
occur in Fleury’s work. Baer & Kates (1950) were 
unable to obtain insoluble lead salts of glycero- 
phosphoric acid from synthetic dipalmitoyl-L-a- 
lecithin hydrolysed with methanolic NaOH at 37°; 
methanolysis had presumably occurred in this case 
also. Baer (1952) pointed out that a re-investiga- 
tion was desirable of the tentative structure for 
cardiolipin of Pangborn (1947) which was based on 
ethanolic-KOH hydrolysis at room temperature. 
Fleury & Le Dizet (1954), in their later work, now 
claim that the ethanol-soluble fraction from the 
mild hydrolysis of ovolecithin with methanolic 
NaOH is a mixture of «- and B-methyl glycero- 
phosphates. The methanol-soluble esters have yet 
to be investigated. 

The results described in this paper would not 
appear to be attributable to artifacts of hydrolysis, 
although this possibility should be borne in mind. 
Hydrolyses of ovolecithin and synthetic distearoyl- 
pu-z-lecithin with 0-5N-KOH in 95% ethanol at 
37° for 15 min. gave almost complete liberation of 
choline. Ethanolysis would not, therefore, have 
time to occur at 37° and even less under reflux. 
As methanolysis 
liberated from lecithin 
conditions, it has been assumed that transesterifica- 
tion is a slow reaction; where choline is liberated 
rapidly from a lipid, free glycerophosphorie acid is 
formed. Table 1 shows that no esterification of 
glycerophosphoric acid occurs after refluxing for 
2hr. with 0-5N-KOH in 95% ethanol. This rapid 
liberation of choline with ethanolic KOH is in 
contrast to the action of 0-2N-NaOH in methanol 
at 37° for 15 min. which Dawson (1954) used to 
produce glycerylphosphorylcholine from lecithin. 
Baer & Kates (1950), in fact, found that only 80% 


choline is 
hydrolytic 


only occurs when 


under mild 
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of the choline was liberated in 32 hr. under these 
conditions. 

Table 2 showed that five types of phosphate 
ester could be distinguished from fish-muscle lipids. 
The differentiation of these types according to 
ethanol solubility and hydrolytic properties has 
been summarized in the ‘Results’ section of the 
paper. The susceptibility of a phosphate ester to 
hydrolysis at a particular pH provides a useful 
guide to its identity. 

Desjobert, Fleury & Courtois (1948) found that, 
if the percentage liberation of inorganic phosphate 
from a phosphate ester at constant time was 
plotted against acid normality and pH, two 
different types of phosphate ester could be dis- 
tinguished: those with no aldehydic or ketonic 
groups, such as ethyl phosphate, £-hydroxyethyl 
phosphate and glycerophosphate, which are hydro- 
lysed at a maximal rate at pH 4, but at minimal 
rates at pH 2 and in more alkaline solutions, and 
the ‘ose’ phosphates, which have a minimal rate of 
hydrolysis at pH 4. They also found that, whereas 
the former group of phosphate esters were hydro- 
lysed more readily by halogen acids than by sulphuric 
acid, the latter group were hydrolysed at similar 
rates by both acids. Fleury, Courtois & Desjobert 
(1948) also found that ethyl and £-hydroxyethyl 
phosphates had very different rates of hydrolysis 
with hydriodic, hydrochloric 
acids. (Hydrochloric acid has always been used in 
this work for all hydrolyses and neutralizations. 
Trichloroacetic acid, which could have been re- 
moved with ether, thus facilitating subsequent 
chromatography, might have been employed with 
advantage. Its hydrolytic properties for phosphate 
esters would, however, have to be studied.) Other 
phosphate esters with a hydrolysis maximum at 
pH 4 are inositol phosphates (Fleury, 1946), O- 
carboxynaphthyl phosphates (Chanley & Gindler, 
1953) and salicyl phosphates (Chanley, Gindler & 
Sabotka, 1952). 

The hydrolysis of glycerophosphate has been 
most extensively studied (Malengreau & Prigent, 
1911; Plimmer, 1913; Bailly, 1942; Swoboda & 
Crook, 1955). The determined the 
rate constants, activation energies and Arrhenius 
frequency factors for glycerol 1-phosphate, glycerol 
2-phosphate and ethanolamine phosphate. The rate 
of hydrolysis, which is negligible at pH 8, rises to a 
broad maximum at pH 3-4, is minimal at pH 0-5 
and increases again in more acid solutions. The 
hydrolysis peak at pH 3-4 is attributed to the 
C,H;(OH),.OPO,H ion; substituted 
derivatives, e.g. methyl glycerophosphate (Fleury & 
Le Dizet, 1954) and glycerylphosphorylcholine are 
hydrolysed only to free phosphoric acid and 
glycerol at pH 4 after a preliminary hydrolysis 
with N-HCl. Theoretically, cardiolipin-type com- 
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pounds and bis-phosphatidie acids should fall into 
the latter category. It is therefore difficult to 
explain the occurrence of phosphate esters with 
more than one glycerol residue per atom of phos- 
phorus in both the group hydrolysed at pH 4 
directly and at pH 4 only after a preliminary 
hydrolysis with N-HCl. The ethanol-soluble phos- 
phate ester hydrolysed at pH 4 only after n-HCl 
hydrolysis, giving one molecule of glycerol to one 
atom of phosphorus, could not be glycerylphos- 
phorylcholine in the present work owing to the 
latter’s rapid hydrolysis with ethanolic KOH. 
Similarly, the presence of glycerylphosphoryl- 
ethanolamine and -serine is unlikely. Fractions 
A.S. 1-3 from cod muscle contained neither of these 
substances. Compounds of the type ‘glyceryl- 
phosphoryl X’ with a slower rate of hydrolysis in 
ethanolic KOH must, therefore, be envisaged. No 
increase in compounds reacting with ninhydrin or 
the phosphomolybdate spray of Levine & Chargaff 
(1951) were detected in the chromatograms of 
the fraction hydrolysed with N-HCl followed 
by hydrolysis at pH 4. 

Garcia etal. (1956) have pointed out that their un- 
identified lipids from fish muscle had a fatty acid: 
‘glycerophosphate P’ ratio of approximately 4-7: 1. 
As discussed in the ‘Results’ section, only 70-80 % 
of the phosphates of glycerol were estimated by the 
periodate method and the corrected ratio should 
therefore be reduced to the more probable figure of 
4:1: Structures of the bisphosphatidie acid type 
(Baer, 1952) could be envisaged: 


CH,OR CH,OR 


| | 
CHOR 0 CHOR 
| | 
CH,O—P—OCH, 

| 

OH 


RK = fatty acid. 


These compounds were accompanied in ethanolic- 
KOH hydrolysates by free glycerol and could have 
been produced by the hydrolysis of cardiolipin- 
type compounds which according’ to Pangborn 
(1947) gave with ethanolic KOH, glycerophosphate, 
free glycerol, glycerylglycerophosphate esters and 
glyceryltriglycerophosphate. The possibility of free 
glycerol deriving from the hydrolysis of mono- 
glycerides and inositol lipids has been discussed 
previously (Lovern & Olley, 1953; Olley & Lovern, 
1954). Fractions a.s. 1-3, however, contained no 
inositol. 

It is of possible relevant interest that Olley & 
Blewett (1950) found a series of phosphate esters 
reacting with periodate in a trichloroacetic acid 
extract of rat liver. Trichloroacetic acid has been 
shown to hydrolyse phospholipids (Etienne- 
Petitfils & Kahane, 1954), and it is possible that 
these phosphate esters were of lipid origin. 
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SUMMARY 


1. Phospholipid fractions from haddock and cod 
muscle, containing appreciable quantities of un- 
identified lipids, were hydrolysed with 0-5nN-KOH 
in 95 % ethanol for 2 hr. under reflux. Potassium 
salts of phosphate esters from these hydrolysates 
were fractionated on the basis of their solubility in 
ethanol, by paper chromatography, by stability to 
hydrolysis at pH 4 for 7 hr. in an autoclave at 
15 lb. pressure and by stability to hydrolysis at 
pH 4 after a preliminary hydrolysis with n-HCl. 

2. These methods showed the presence of a series 
of phosphate esters based on glycerol and small 
quantities of phosphoric acid in some other com- 
bination. 

3. A micro-chromatographic method for the 
estimation of glycerol has been developed, whereby 
the amounts of glycerol and phosphoric acid 
liberated under different conditions of hydrolysis 
could be correlated. Phosphate esters with more 
than one glycerol residue per atom of phosphorus 
were found in the ethanol-soluble fractions, giving 
evidence of bis-phosphatidic acid-type structures. 
These could be divided into two classes according to 
stability at pH 4. 

4. The method of acid-periodate oxidation has 
been found completely unspecific for glycero- 
phosphate esters. In some fractions acid-periodate 
oxidation liberated more phosphoric acid than was 
formed by hydrolysis at pH 4, which is known to 
yield quantitative hydrolysis of glycerophosphoric 
acid. In other fractions, hydrolysed with n-HCl 
and then at pH 4, the glycerol and phosphoric acid 
liberated were more than could be accounted for 
by the obtained from  acid-periodate 
oxidation. 

5. The dangers of using even weakly acid ion- 
exchange resins for the separation of phosphate 
esters have been discussed. 


results 


The work described above was carried out as part of the 
programme of the Food Investigation Organization of the 
Department of Scientific and Industrial Research. 
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The Oxidative Activity of Particulate Fractions from Germinating 
Castor Beans 


By H. BEEVERS anp D. A. WALKER* 
Department of Biological Sciences, Purdue University, Lafayette, Indiana, U.S.A. 


(Received 6 April 1955) 


During an investigation of the catabolic changes 
in germinating castor beans (Ricinus communis) 
highly active preparations were separated from the 
endosperm by methods similar to those employed 
by Laties (1953a, b) and by other workers with a 
variety of plant materials. The general properties 
of these particulate fractions are similar to those 
which have been described earlier, but some inter- 
esting distinguishing features were noted. Prepara- 
tions from other tissues frequently show appreci- 
able endogenous oxygen uptake and may be 
capable of rapid oxidation of Krebs-cycle acids 
without added cofactors or upon the single addition 
of adenosine triphosphate (ATP) or diphospho- 
pyridine nucleotide (DPN) (e.g. Millerd, Bonner, 
Axelrod & Bandurski, 1951; Davies, 1953). The 
Ricinus preparations, on the other hand, are 
characterized by an extremely low endogenous 
uptake, and, with the sole exception of succinate, 
the unassisted oxidation of acids is slow. However, 
Department of Botany, King’s 
Recipient of Fulbright 
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high rates of oxidation are obtained in all cases 
after the addition of a full complement of cofactors, 
and these features make the preparations especially 
suitable for the study of substrate—cofactor inter- 
relationships. Such an investigation has led to the 
demonstration of distinct requirements, not only 
for adenosine triphosphate (ATP) and diphospho- 
pyridine nucleotide (DPN) but also for coenzyme A 
(CoA) and coearboxylase. 


MATERIALS AND METHODS 


Substrates. All the substrate acids were obtained com- 
mercially; cis-aconitic acid and oxaloacetic acid of 99-+1% 
purity were obtained from the California Foundation for 
Biochemical Research, Los Angeles, California. Sodium 
DL-isocitrate, sodium pyruvate and «-oxoglutaric acid were 
supplied by the H.M. Chemical Co., Santa Monica, Cali- 


fornia. L-Malic acid was obtained from Eastman Kodak 


Co. Ltd., Rochester, New York. For use, all the substrates 
were dissolved in water and carefully adjusted to pH 7, 
using a Beckman Model H2 pH meter. 

Cofactors. DPN ‘90’ and disodium ATP were products 
of the Sigma Chemical Co., St Louis, Missouri, and erystal- 
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line cocarboxylase was purchased from the Nutritional 
Biochemical Corporation, Cleveland, Ohio. CoA of at least 
70-75% purity was obtained from the Nutritional Bio- 
chemical Corporation or from Pabst Laboratories, Mil- 
waukee, Wisconsin. 

Castor beans. Variety U.S. 74 was purchased from the 
Baker Seed Co., Vernon, Texas. 

Measurement of activity. Oxygen uptake at 25° was 
measured by the Warburg manometric method with air as 
the gas phase and potassium hydroxide in the centre well. 
In almost all instances reactants were added directly to the 
main chamber of the flasks and made up to a final volume 
of 2 ml. The reactions were started by adding the enzyme 
to the flasks as soon as it was prepared, and the flasks were 
then immediately connected to the manometers. A 5 min. 
equilibration period was allowed. 

Separation of a particulate fraction from Ricinus seedlings. 
Washed castor beans were planted in vermiculite (heat- 
expanded mica) and germinated under controlled conditions 
in the dark at 30° and 76% humidity. The seedlings were 
harvested after 4 days, when the primary root had a length 
of 7-Scm. At this stage secondary roots of 2-3 cm. are 
present and the hypocotyl does not exceed 1 cm. The testa, 
hypocotyl and roots were discarded, but the cotyledons 
were not separated from the endosperm, which was shown 
to provide the bulk of the activity. 

The endosperm tissues were then washed in distilled 
water, dried by pressing gently between sheets of absorbent 
paper, and weighed. In a typical preparation 90 beans 
yielded 45 g. of endosperm tissue, and this was ground 
rapidly in a chilled mortar in cold 0-5m sucrose, 0-02 
magnesium chloride and 0-l1mM phosphate (NaH,PO,) 
adjusted to pH 7 by the addition of potassium hydroxide. 
For each gram of tissue 1-5 ml. of grinding medium were 
used. (Equally active preparations have recently been 
obtained when blending for 15sec. in a chilled Waring 
Blendor was substituted for manual grinding.) The homo- 
genate was then squeezed through a cloth and the filtrate 
centrifuged for 5 min. at low speed (500 g) to remove cell 
debris. The creamy homogenate was then centrifuged at 
high speed (18 000g) for 30 min. in an ‘International’ 
refrigerated centrifuge set at — 10°. The supernatant and the 
fat pellicle were discarded and the pale-brown particulate 
fraction washed by resuspending in cold-grinding medium 
with a motor-driven pestle (Potter—-Elvehjem homogenizer). 
The particles were resedimented by high-speed centrifuging 
and suspended in 18 ml. of cold-grinding medium for use. 
A portion (1 ml.) of such a preparation (equivalent to 
2:5 g. of tissue and containing 10-12 mg. of protein) was 
used in each flask and new preparations were made daily 
and used immediately. Though the cytological identity of 


Table 1. 
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the particles has not been proved they were found to be 
spherical bodies up to 1-2. in diameter and they corre- 
spond in their preparation to fractions that have been 
termed mitochondria by various authors (see Stafford, 
1951). In the presence of succinate the Ricinus prepara- 
tions stain with Janus Green B, and, if air is subsequently 
excluded, the dye is reduced to the pink form. 


RESULTS 
Changes in activity during germination 
At the end of 7 days under the described germina- 
tion conditions the endosperm had been completely 
utilized, and the cotyledons remained covered only 
by a thin membrane. The endosperm originally has 
a high fat content, and it was shown that the level 
of ether-soluble substances remained high until 
the fourth day and then declined sharply. The 
water-soluble fraction (mostly sugars) increased in 
the fourth and fifth days and then this too decreased 
as the endosperm became absorbed by the cotyle- 
dons. The respiratory activity of the endosperm 
increases during the first 6 days of germination. 
Fig. 1 shows that there are considerable differences 
in the relative activities of particulate preparations 
obtained from seedlings of different ages and that 
the maximal activity was associated with the 
critical 4-day stage, at which the major metabolic 
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Fig. 1. Variation in activity of particulate preparations 
with stage in germination. Substrate, 0-01M succinate. 
In each case the sample of enzyme preparation added to 
the flasks represented five beans of the age indicated. 


Inactivation of Ricinus preparations by a thermolabile factor in 6-day extracts. Manipulations were 


performed at 0° and the supernatants maintained at this temperature before the treatment 


Treatment 
A. Four-day particles resuspended in and 
resedimented from 4-day supernatant 


B. Four-day particles resuspended in and 
resedimented from 6-day supernatant 


C. Four-day particles resuspended in and 
resedimented from boiled 6-day supernatant 


pl. O, uptake in 20 min. with substrate 








l 


a-Oxoglutarate 


Citrate Succinate 
47 25 90 
20 4 57 
39 27 105 
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changes outlined above were initiated. The results 
in Table 1 show that the supernatant fraction from 
6-day beans contains a thermolabile factor which is 
capable of inactivating the particulate fraction from 
4-day beans, and it seems that the development of 


Table 2. Oxidation of Krebs-cycle acids 
by Ricinus particles 


O, uptake (pl.) in 
first 60 min. 


A 


_ ~ ™ 
No Added 
additions co-factors* 
0-01 Citrate 54 293 
0-01M cis-Aconitate 56 262 
0-02M DL-isoCitrate 41 263 
0-01mM «-Oxoglutarate 33 262 
0-01 Mm Succinate 174 465 
0-01Mm L-Malate 39 358 
0-01mM Fumarate 30 407 
No substrate 0 36 
* Img. DPN, Img. ATP, 0-1 mg. CoA, 0-5 mg. co- 


carboxylase. 
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Fig. 2. Effects of the cofactors ATP and DPN on the 
oxidation of succinate 0-Olm. Curve 1, 1 mg. ATP and 
1 mg. DPN present from the outset; curve 2, no co- 
factors added; curves 3 and 4, cofactors added at arrows, 
after 40 and 60 min. respectively. 
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this (enzymic?) factor after the fourth day of 
germination may be responsible for the lowered 
activities recorded for the older beans. 


Oxidation of acids of the Krebs cycle by 
4-day Ricinus particles 

When washed particulate preparations from the 
endosperm of 4-day castor beans are shaken in 
Warburg flasks they appear inert, and throughout 
a considerable number of experiments the recorded 
endogenous uptake of 1 ml. of enzyme preparation 
was not in excess of 5yl./hr. When Krebs-cycle 
acids were added to the preparations this rate was 
augmented, the degree of stimulation depending on 
the acid added (Table 2). Only succinate was 
oxidized at a high rate under these conditions, and, 
as can be seen from Fig. 2, the rate declines sharply 
after the first 15-20 min. 


Cofactor requirements 


The addition of cofactors such as the phospho- 
pyridine nucleotides, either alone or in any combin- 
ation, brings about only a slight increment in the 
endogenous oxygen uptake of the washed particles 
(see the foot of Table 2). The effects of these co- 
factors on oxygen uptake when the preparations 
were also provided with Krebs-cycle acids are 
described in the following sections. 

Effects of DPN and ATP. Added singly, both 
DPN and ATP cause slight stimulation of acid 
oxidation by the particles. Reference to Tables 4 
and 5 indicates that ATP tends to be more effective 
in stimulating the oxidation of malate, fumarate 
and succinate, whereas DPN has the larger effect on 


Table 3. Specific requirement for DPN 


O, uptake (l./hr.) 


0-01lM 
0-01m a-Oxo- 0-01m 
Additions Succinate glutarate Citrate 
None 97 12 69 
2mg. ATP 175 87 80 
2-1 mg. ATP 195 82 103 
2mg. ATP + 434 243 264 


0-1 mg. DPN 


Table 4. DPN, ATP, and CoA stimulation of the oxidation of Krebs-cycle acids by Ricinus preparations 


0-O01lM 


0-01M 
Additions* Malate Fumarate 
None 14 22 
ATP 44 26 
DPN 32 18 
ATP and DPN 84 66 
ATP and DPN and CoA 376 370 


O, uptake (l./hr.) 


= ee ’ 


0-O1lM 0-01M 0-O1lm 0-02M 
Succinate Citrate cis-Aconitate ptL-isoCitrate 
128 64 68 60 
264 104 84 66 
98 125 92 100 
448 270 202 180 
600 376 294 290 


* ATP 1 mg., DPN 1 mg., CoA 0-1 mg. 
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Effect of co-factors on the oxidation 
of 0-01M «-oxoglutarate 


Table 5. 


O, uptake 


Additions (yl./hr.) 
None 40 
DPN 102 
ATP 148 
DPN + ATP 256 
DPN +ATP+CoA 304 
DPN + ATP + CoA + cocarboxylase 386 


Quantities: 1 mg. DPN, 1 mg. ATP, 0-1 mg. CoA, and 
0-5 mg. cocarboxylase. 


a-oxoglutarate and the citric acid group. The effect 
of DPN on succinate is small, and on several 
occasions it has been observed to bring about a 
slight depression in the rate of oxidation of this 
substrate. None of the stimulations due to single 
cofactors is large, but a considerable further 
acceleration results if they are both included in the 
same reaction mixture, though their combined 
stimulation of the endogenous rate remains small. 
Reference to Tables 3—5 indicates that the com- 
bined stimulation of the two factors in the presence 
of substrate acids is considerably greater than the 
sum of the individual stimulations. The high initial 
rate of succinate oxidation in the absence of DPN 
and ATP is only slightly augmented by the addition 
of these factors. At the end of the first 15-20 min., 
however, the DPN-—ATP assisted rate is main- 
tained, whereas the unassisted rate declines sharply 
(see Fig. 2). Addition of DPN and ATP after the 
inception of the decline results only in much 
smaller stimulations (Fig. 2, curves 3 and 4). 

In experiments designed to determine the 
quantitative requirements for ATP and DPN it 
was found that saturating levels were not reached 
until amounts of 1 mg. were supplied in systems 
containing 1 ml. of enzyme suspension and 0-1M 
substrate. Therefore, in all subsequent experiments 
in which ATP or DPN was used, 1 mg. was the 
quantity added. In the few instances in which 
it has been tried triphosphopyridine nucleotide 
appears to be able to bring about all the effects 
associated with DPN, and adenosine diphosphate 
can be substituted with equal effect for ATP. 

Effect of coenzyme A. Like DPN and ATP, CoA 
added alone causes only low stimulation of the 
endogenous rate and only small increments in the 
rate of acid oxidation (Fig. 3). The stimulation of 
the endogenous rate by DPN, ATP and CoA to- 
gether isslight, but the addition of CoA to a reaction 
mixture containing certain of the substrate acids 


and saturating concentrations of DPN and ATP 
results in striking stimulations. CoA may stimulate 
the oxygen uptake when the rate is already limited 
by the omission of either DPN or ATP, and in the 
case of succinate, for example, such an addition may 
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result in the doubling of the rate of DPN-ATP 
assisted oxidation. But, for every acid considered, 
DPN, ATP and CoA together give rates consider- 
ably in excess of those achieved by any other 
combination of these three factors (see Fig. 3). 


160 
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0 0 Hx 40 50 60 
Time (min.) 

Fig. 3. Effects of threc cofactors (1 mg. ATP, 1 mg. DPN, 
0-1 mg. CoA) in various combinations on the oxidation 
of malic acid (0-O0l1m) by the particulate preparation. 
Additions to the mitochondria + malate: Curve 1, none; 
curve 2, DPN; curve 3, CoA; curve 4, ATP; curve 5, 
DPN and CoA; curve 6, ATP and CoA; curve 7, ATP 
and DPN; curve 8, DPN, ATP and CoA. 


Tables 4 and 5 show the extent of the various 
responses. The oxidation of fumarate and malate, 
which is relatively slow in the presence of ATP and 
DPN, is particularly stimulated by addition of 
CoA, and in its presence the rates of oxidation of 
the various acids (with the exception of succinate) 
are quite similar. [There are several reports that 
malate and fumarate oxidation is much slower than 
that of the other acids (e.g. Millerd et al. 1951; 
Brummond & Burris, 1953) and it seems possible 
that CoA was limiting in the preparations de- 
scribed.] Over a large number of experiments in- 
volving different samples of CoA and different 
enzyme preparations, stimulations of 100-700 % of 
the DPN-ATP assisted rates of oxidation of these 
acids have been observed. The CoA stimulation of 
the citric acid group is about 50% for each of the 
three acids (citric, cis-aconitic and isocitric), and it 
has been further observed that in the presence of 
CoA the decline in the rate of oxygen uptake which 
occurs in the later stages of pL-/socitrate oxidation 
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is diminished. It has been shown subsequently that 
much more striking effects of CoA on succinate 
oxidation are observed at lower substrate levels. 
Thus in one experiment the stimulation due to 
CoA was 15% when the succinate concentration 
was 0-02M, and 179 % when the succinate level was 
reduced to 0-002M. 

In the presence of saturating quantities of DPN 
and ATP the degree of stimulation is at first related 
to the concentration of the added CoA in a linear 
manner but at higher concentrations the increment 
per unit addition becomes progressively 
Accelerations follow the addition of as little as 
0-01 mg., and 0-1 mg. was found to be saturating. 

Effect of cocarboxylase. The highest prolonged 
rates of oxidation of the Krebs acids by Ricinus 
particles were obtained only when cocarboxylase 
was added in addition to the other cofactors. The 
degree of stimulation by cocarboxylase is never so 
pronounced as that induced by CoA, but definite 
increments follow the addition of cocarboxylase in 
systems containing substrate acids and saturating 
amounts of DPN, ATP and CoA. The greatest 
immediate stimulation by cocarboxylase is ob- 
served with «-oxoglutarate, and its effect and that 
of the other cofactors is shown in Table 5. With 
malate oxidation the effect of cocarboxylase 
became more noticeable with time. Thus in one 
experiment the increase due to the addition of 
cocarboxylase was 13-5% during the first hour, 
whereas in the second hour this had become 34 %. 

Relative rates of oxidation in the presence of all 
four added cofactors. The relative rates of oxidation 
of the various acids by a single enzyme preparation 
in the presence of ATP, DPN, CoA and cocarb- 
oxylase are shown in Table 2, where they are con- 
trasted with the unassisted rates. It will be seen 
that in all cases the degree of stimulation is con- 
siderable. Succinate is still oxidized at the fastest 
rate, but the addition of the full complement of 
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cofactors has also resulted in acceleration and pro- 
longation of the oxidation of the other acids, so 
that high and maintained rates are now observed 
with every substrate. 

It was of interest to find that the oxidative 
ability of the preparations was not lost when they 
were incubated with cofactors in the absence of 
substrates for 1 hr. at 25°. The subsequent addition 
of the acids resulted with one exception in initial 
rates of oxygen uptake which were not less than 
80% of those observed in controls in which the 
substrates were added at the outset. However, 
with succinate, fumarate and malate these rates 
declined rather rapidly, and the fact that the rates 
of oxidation in the controls were maintained at 
high levels over the same period indicates a degree 
of substrate protection in these cases. It seems 
likely that this protection can be referred to that of 
a complex enzyme system controlling a single stage 
in the cycle, namely that concerned with the early 
stages of oxaloacetate oxidation, since when oxalo- 
acetate was the substrate added after 1 hr. under 
conditions otherwise favourable for its oxidation 
(Walker & Beevers, 1956) it was shown that the 
oxidative ability had been virtually lost, whereas in 
a control system oxaloacetate oxidation proceeded 
at a high rate for at least 2 hr. 


Comparison with mitochondria from other sources 


Although the list of plants which have yielded 
particulate preparations capable of oxidizing 
Krebs-cycle acids is still small, it is of interest to 
observe (Table 6) that a variety of different tissues 
have yielded active preparations. Further work 
will no doubt increase the list and so lend support 
to the now generally accepted concept that the 
seat of integrated respiratory activity in the cell is 
the particulate mitochondrion. It is noteworthy, 
however, that, up to the present, attempts to 
isolate active mitochondria from leaves have been 


Relative activities of mitochondrial preparations from various plants. 


Except for no. 5 the substrate in each case was succinate 





Temp. of pl. O, pl. O. 
measure- Concn. of uptake/mg. uptake/g. 
ment substrate N/hr. original 
Authors Material (°) (mM) (do.) fresh wt. 
1. Millerd (1953) Mungbean hypocotyl 30 0-03 260 45 
2. Davies (1953) Pea hypocotyl 30 0-025 — 25 
3. Laties (19534, b) Cauliflower bud 30 0-02 566 88-176 
4. Hackett & Simon (1954) Arum spadix 30 0-02 818 500 
*5. Brummond & Burris (1953) Lupin cotyledons 30 0-02 60-120 34-43 
6. Millerd, Bonner & Biale (1953) | Avocado fruit 25 0-02 338 34-48 
7. Beaudreau & Remmert (1955) Black Valentine bean hypocotyl] 30 0-016 565 18 
8. Price & Thimann (1954) Pea internodes 25 0-02 800 126 
9. Present Potato tuber 25 0-01 - 30 
10. Present Castor-bean endosperm 25 0-01 280-375 180-240 
11. Present Castor-bean endosperm A 25 0-01 940-1250 — 


* Substrate was 0-01M malate + 0-01 Mm pyruvate. 
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less successful, and the recent work of Brummond 
& Burris (1954) indicates that, in lupin leaves at 
least, a different spatial distribution of enzymes is 
found. When the activities of the various prepara- 
tions are compared on a unit nitrogen basis (see 
Table 6), it is seen that the majority lie in the range 
of qo, 300-600. It is quite probable that these 
figures are in general subject to improvement, 
since, as we have shown for the castor-bean pre- 
parations, separation of fractions with different 
levels of activity can be made during centrifuging. 
Thus. in one experiment 67% of the activity 
(succinate oxidation) was recovered in a fraction 
(A in Table 6) containing 21 % of the protein of the 
original suspension, giving a preparation (A) with 
a much higher qo," When the fact that the measure- 
ments on castor-bean preparations were made at 
25° is also taken into account it is clear that such 
preparations may be considered as having a re- 
latively high activity. 

The values for activity per unit fresh weight in 
Table 6 are calculated from the maximum rates 
recorded by the various authors; they are only 
approximate, as it is not clear in all cases exactly 
how much of the original tissue was represented by 
the mitochondria added to the flasks. It is evident, 
however, that considerable differences exist, 
reflecting as they do the amount of mitochondria 
originally present in the tissue, the efficiency of 
their extraction, and their intrinsic activity. 
Judged on this basis as a source of mitochondria 
the endosperm of the 4-day castor bean is inferior 
to only one reported and somewhat inaccessible 
tissue, the spadix of the English arum. As a 
convenient and easily handled material capable of 
providing preparations with equally high activity 
from day to day the germinating castor bean has 
clear advantages over some of the other sources 
which have been used. 


DISCUSSION 


In a system which is capable of oxidizing all the 
Krebs-cycle intermediates it is clearly difficult to 
associate cofactor requirements with any single 
step (Laties, 19536), since the end product of the 
immediate reaction will serve as a new substrate 
for the next, and the contribution of subsequent 
reactions with different cofactor requirements will 
become progressively greater with time. For the 
results with ATP and DPN, it is clear that the 
Ricinus preparations do not need merely the 
adenylic residue, which Laties (1953a@) has demon- 
strated to be the requirement in cauliflower pre- 
parations. There is in fact marked stimulation of 
oxygen uptake by traces of each cofactor in the 
presence of saturating quantities of the other 
(Table 3). Striking increases in rate are observed 
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on the further addition of coenzyme A to systems 
saturated with DPN and ATP, and maximal rates 
are not obtained until cocarboxylase is also in- 
cluded. There is thus a clear requirement for a full 
complement of cofactors, and the results show that 
such additions are effective, not only in the initia- 
tion but also in the maintenance of high oxidation 
rates. 

The coenzyme A and cocarboxylase stimulations 
seem to be most marked with «-oxoglutarate and 
malate. The marked response of malate oxidation 
to coenzyme A does not necessarily implicate this 
coenzyme in the first oxidative reaction of this 
substrate, since the stimulative effects of the 
coenzyme may be more appropriately ascribed to 
the facilitation of subsequent steps of oxidation and 
condensation. Similarly, the ability of ATP and 
DPN to prevent the decline in the initially high 
rate of succinate oxidation might be attributed to 
the effects of these cofactors on oxidation steps 
subsequent to the primary oxidation of succinate. 
Again, comparable effects are observed in the 
coenzyme A stimulations of citrate, isocitrate and 
cis-aconitate oxidation. On the other hand, the 
effects of ATP and DPN on the oxidation of these 
acids appear to be primary and are manifest from 
the outset. In «-oxoglutarate oxidation the 
response to coenzyme A and cocarboxylase is also 
immediately apparent, and in this case it seems 
that the primary reaction is the one stimulated. 
These results are in accord with the findings con- 
cerning the cofactor requirements for oxidations by 
purified enzymes (Ochoa, 1954), and it now appears 
that the responses to coenzyme A and cocarboxy- 
lase in this reaction and in the important initial 
steps of pyruvate oxidation will go far towards 
explaining all the stimulative effects we have 
observed with these cofactors on the oxidation of 
the various substrate acids. 

Declining rates of oxygen uptake similar to 
those observed when a cofactor essential for a 
secondary reaction is omitted might be expected 
if the primary reaction was isolated in other ways, 
e.g. by selective inhibition or mactivation of the 
enzyme controlling the secondary reaction. In this 
connexion we have been able to show that the 
oxaloacetate—pyruvate oxidizing system becomes 
selectively inactivated if preparations are incubated 
in the absence of substrate for an hour at 25°; when 
attempts were made to oxidize succinate in pre- 
parations which had been so treated it was found 
that the initially high rate of oxygen uptake 
declined rapidly even in the presence of the four 
cofactors. In untreated preparations fortified with 
cofactors, it appears that the primary reaction 
during succinate oxidation becomes increasingly 
isolated from subsequent oxidative steps as the 
substrate level is increased, since the response to 
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coenzyme A becomes progressively less under 
these conditions. As previous authors have pointed 
out (e.g. Laties, 19536; Lindberg & Ernster, 1954) 
such a result might be expected if a single dehydro- 
genase well supplied with substrate was sufficiently 
active to saturate an electron-transfer system 
normally shared by subsequent dehydrogenation 
steps. 

In conclusion it may be mentioned that responses 
to coenzyme A and cocarboxylase may be expected 
when other preparations are investigated, although 
the high rates of oxygen uptake which have been 
recorded without benefit of such additions may 
indicate a degree of self sufficiency which would 
make these preparations less desirable for such 
demonstrations. However, we have already been 
able to show responses to these cofactors in the 
oxidation of oxaloacetate by preparations from 
cauliflower and potato. 


SUMMARY 


1. Particulate preparations have been prepared 
from the endosperm of germinating castor beans 
(Ricinus communis) which under appropriate 
conditions will oxidize the various intermediates of 
the Krebs cycle at high and sustained rates. 

2. The activity of such preparations is related to 
the stage in germination, and a decline in activity 
which occurs after the fourth day has been shown 


due to the of a thermolabile 


to be 
factor. 

3. A study has been made of the effects of added 
cofactors on the oxidation of the various acids by 


the Ricinus preparations. 


presence 
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4. Clear requirements have been established, 
not only for adencsine triphosphate and diphos- 
phopyridine nucleotide but for the additional 
cofactors coenzyme A and cocarboxylase. 

5. An explanation has been suggested for the 
apparent stimulation by cofactors of the oxidation 
of individual acids in which no primary role for 
these substances has yet been established. 


This work was financed by a grant to one of us (H.B.) 
from the National Science Foundation, and we wish to 
record our appreciation of this support. 
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Some Requirements for Pyruvate Oxidation by 
Plant Mitochondrial Preparations 


By D. A. WALKER* anp H. BEEVERS 
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(Received 6 April 1955) 


Pyruvate oxidation by particulate preparations 
from plants and its stimulation by some of the 
acids of the Krebs cycle have already been demon- 
strated by a number of workers (e.g. Millerd, 
Bonner, Axelrod & Bandurski, 1951; Millerd, 1953; 
Laties, 19536; Davies, 1953; Hackett & Simon, 
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1954). Though it had seemed apparent that the 
addition of oxaloacetate or an acid that would 
readily give rise to oxaloacetate would facilitate 
the entry of pyruvate into the cycle, the actual 
mechanism of this key reaction remained obscure 
until Lipmann, Ochoa and others characterized 
coenzyme A (CoA) and established its role in 
pyruvate oxidation induced by enzymes isolated 
from bacteria and animal tissues (see Ochoa, 1954). 
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These workers have shown that in the presence of 
catalytic amounts of CoA the reaction 


DPN 








H,C.CO.CO,H + CoA —+H,C.CO.S.CoA + CO, 


cocarboxylase 


will not proceed unless there is also present an 
acetate- or acetyl-acceptor system which will 
regenerate CoA. In the presence of condensing 
enzyme, oxaloacetate will function as such an 
acceptor and CoA is released from its acetylated 
derivative, with the concomitant formation of 
citrate. 

The separation from the endosperm of germi- 
nating castor bean (Ricinus communis) (Beevers & 
Walker, 1956) of a particulate fraction which is 
almost entirely free from substrate acids and co- 
factors has made possible a new and more detailed 
study of pyruvate oxidation in preparations from a 
higher plant. The present paper describes evidence, 
obtained with such preparations, which associates 
the stimulation of pyruvate oxidation by oxalo- 


O, uptake (pl.) 
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Fig. 1. 
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acetate with the function of the latter as an acetate 
acceptor in a CoA- and cocarboxylase-mediated 
reaction analogous to those recently described for 
enzyme systems isolated from animal and bacterial 
sources. 


MATERIALS AND METHODS 


These were as described in a previous paper (Beevers & 
Walker, 1956). Sodium pyruvate was supplied by H.M. 
Chemical Co. Ltd., Santa Monica, California, and oxalo- 
acetate by California Foundation for Biochemical Research. 
The oxaloacetic acid was dissolved and neutralized im- 
mediately before it was added to the Warburg vessels. The 
total volume of liquid in the vessels was 2-0 ml. in all 
experiments. 


RESULTS 
Pyruvate oxidation ; the requirement for 
a second acid of the Krebs cycle 


Particulate preparations from the endosperm of 
4-day castor beans which will oxidize acids of the 
Krebs cycle will not oxidize pyruvate even in the 
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Graphs 1-8: effectiveness of eight Krebs-cycle acids in inducing the oxidation of pyruvate by Ricinus mito- 


chondria. The lower curve (@) in each case represents the O, uptake observed on adding the named acid (0-001 m) 
to the enzyme preparation in the presence of 1 mg. ATP, 1 mg. DPN, 0-1 mg. CoA and 0-5 mg. cocarboxylase. 
The upper curve (©) represents the O, uptake observed when pyruvate (0-01M) was also added. Graph 9 shows 
the O, uptake observed in the presence or absence of pyruvate, when no second acid was included. 
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presence of added diphosphopyridine nucicotide 
(DPN), adenosine triphosphate (ATP), CoA and co- 
carboxylase unless a small amount of one of the 
other acids is also added to the reaction mixture. 
Maximal rates of pyruvate oxidation are obviained 
only when all four cofactors are present in addition 
to the second acid. The stimulatory effects of the 
several acids on pyruvate oxidation are shown in 
Fig. 1, where the course of oxidation of 2 umoles of 
the individual acids of the Krebs cycle is contrasted 
with that which resulted when 20ymoles of 
pyruvate was also included in the reaction mixtures. 
The results were obtained in a single experiment 
and the individual rates can be directly compared. 
It will be that the individual acids were 
oxidized at more or less equal rates which declined 
as the substrates were consumed. In the presence 
of pyruvate, however, oxygen uptake proceeded in 
every case at much higher rates which in most 
cases were maintained for the 3 hr. period. At the 
end of this time the values for total oxygen uptake 
in the presence of pyruvate far exceeded’ those for 
the complete oxidation of the 2 moles of added 
‘cycle’ acid, and it thus seems firmly established 
that the individual acids were acting catalytically 
in pyruvate Bicarbonate does not 
appear to function in our system as a ‘sparking’ 
agent for the oxidation of pyruvate as it does in 
some mitochondrial preparations from liver (cf. 
Green, Loomis & Auerbach, 1948). 


seen 


oxidation. 


Oxidation of oxaloacetate 


Although frequent references are made to the 
ability of plant mitochondria to oxidize ‘all of the 
Krebs cycle acids’ the oxidation of oxaloacetate as 
a single substrate seems to have been described 
only for cauliflower (Laties, 1953a, b). However, 
oxaloacetate has been function as a 
‘sparker’ of pyruvate oxidation by Laties (1953b) 
and by Brummond & Burris (1953) for lupin 
mitochondria, and such would 
seein to be crucial and essential evidence for the 
operation of the cycle. When oxaloacetate was 
added to the Ricinus preparations in the absence of 
added cofactors no oxidation occurred. However, 
when it was added to a reaction mixture containing 
enzyme suspension together with ATP and DPN 
an unusual effect was observed (Fig. 2, curve F). 
There was an initial period greater than 1 hr. 
during which there was no detectable oxygen 
uptake; this induction period was eventually 
terminated by the inception of oxygen uptake, 
which then reached its maximal rate within 5 or 


shown to 


demonstrations 


10 min. 

When CoA was present in addition to ATP, DPN, 
oxaloacetate and enzyme (Fig. 2, 
curve C) the period of induction was strikingly 
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shortened and a second marked diminution (Fig. 2, 
curve B) resulted when cocarboxylase was also 
included. In Fig. 2, it can be seen that the in- 
duction period in the presence of the full comple- 
ment of cofactors extends only for about 20 min., 
whereas the omission of individual cofactors (Fig. 2, 
curves C—F’) causes the period to be lengthened by 
various time increments, which throughout a series 
of experiments remained remarkably constant. 
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Fig. 2. Oxidation of pyruvate-oxaloacetate by Ricinus 
mitochondria. A, 0-01M pyruvate, 0-01m oxaloacetate, 
1 ml. enzyme, 1 mg. ATP, 1 mg. DPN, 0-1 mg. CoA, 
0-5 mg. cocarboxylase; B, no pyruvate; C, no pyruvate, 
no cocarboxylase; D, no pyruvate, no ATP; E, no 
pyruvate, no CoA; F, no pyruvate, no cocarboxylase. no 


CoA. 


Although the onset of oxygen uptake was de- 
layed, carbon dioxide was evolved from these 
reaction mixtures from the outset (at the rate of 
about 150 yl./hr. in a typical experiment). Since 
oxaloacetic acid undergoes ready autodecarboxyla- 
tion to yield pyruvate, and since this process is 
known to be catalysed by magnesium ions (Speck, 
1949) which were present in the enzyme suspension, 
it was evident that the present system could be 
regarded as containing oxaloacetate as the sole 
substrate only at the outset. It seemed desirable 
therefore to investigate the effect of including 
pyruvate in the reaction mixture from the outset, 
previous experiments (Fig. 1) having shown that 
this acid was not oxidized alone, even in the 
presence of all four cofactors which were being 


used. 
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Table 1. Effect of pyruvate concentration on 
the oxidation of 0-01 M oxaloacetate 


Time to reach 0, uptake (ul.) 


Added maximum rate in subsequent 
pyruvate (min.) 30 min. 

0-02M 2 224 

0-01m 5 231 

0-005 M 6 234 

0-001 M 7 213 

Nil 20 251 


Each flask contained 1 mg. DPN, 1 mg. ATP, 0-1 mg. 


CoA and’ 0-2 mg. cocarboxylase. 
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Fig. 3. Effects of cofactor omissions on the oxidation of: 
A, oxaloacetate 0-01M; B, oxaloacetate (0-001m) and 
pyruvate (0-01Mm). Graph A: curve 1, oxaloacetate, 1 mg. 
ATP, 1 mg. DPN, 0-1 mg. CoA, 0-5 mg. cocarboxylase; 
curve 2, as 1 minus cocarboxylase; curve 3, as 1 minus 
CoA. Graph B: curve 1, oxaloacetate plus pyruvate, 
1 mg. ATP, 1 mg. DPN, 0-1 mg. CoA, 0-5 mg. cocarboxy- 
lase; curve 2, as 1 minus CoA; curve 3, as 1 minus 
cocarboxylase. 
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Oxaloacetate—pyruvate oxidation 


When pyruvate was added to a reaction mixture 
containing oxaloacetate, enzyme suspension and 
the full complement of cofactors, the period of 
induction was reduced to a minimum (Fig. 2, 
curve A). Table 1 shows that although the degree of 
diminution of this period was a function of the 
quantity of added pyruvate the rates of oxygen 
uptake after initiation were independent of the 
concentration. 

Omission of cofactors. The effects of omitting 
cofactors from reaction mixtures containing both 
oxaloacetate and pyruvate were essentially the 
same as those observed when oxaloacetate was 
the only acid originally present, except that the 
induction period which resulted from the exclusion 
of CoA was considerably reduced (Fig. 3). Omission 
of all the cofactors again resulted in the complete 
absence of all oxygen uptake in excess of that from 
a blank containing no substrates. 
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Fig. 4. Effect of cocarboxylase on pyruvate—oxaloacetate 
oxidation. 0-01m pyruvate, 0-01m oxaloacetate, 1 mg. 
ATP, 1mg. DPN, 0-1 mg. CoA, I ml. enzyme. A, 
0-5 mg. cocarboxylase added at zero time; B, cocarboxy- 
lase added after 15 min.; C, cocarboxylase added after 
30 min.; D, cocarboxylase added after 45 min.; EZ, no 
cocarboxylase added. 


The effect of adding cocarboxylase during the 
course of the reaction is shown in Fig. 4, in which 
curve A shows the oxygen uptake in the complete 
system. As can be seen from curves B to D the 
induction period may be terminated at will by the 
addition of the cofactor from the side arm. Table 2 
shows that the length of the induction period bears 
a definite relationship to the concentration of 
cocarboxylase, but that the rates after inception of 
oxygen uptake are largely independent of the 
amounts added. 


124 


Cofactor requirements for other preparations 


Having established that cocarboxylase and CoA 
were required in addition to ATP and DPN, for 
the oxidation of pyruvate by Ricinus particles, we 
investigated two other preparations. Mitochondria 
were prepared from cauliflower tissues by methods 
similar to those employed by Laties (1953a). Such 
preparations were found to oxidize an oxalo- 
acetate—pyruvate mixture in the presence of the 
four cofactors, and it was of considerable interest 
to find that there were marked responses to CoA 
and cocarboxylase, although there was no sugges- 


Table 2. Effect of cocarboxylase on the oxidation of 
pyruvate (0-10M) plus oxaloacetate (0-001M), in 
the presence of ATP (1 mg.), DPN (1 mg.) and 
CoA (0-1 mg.) 


Time to 


reach Maximum 
maximum rate of 
Cocarboxylase rate O, uptake/ Rate after 
(mg.) (min.) min. 90 min. 
0-5 4 6-9 4-0 
0-25 6 6-4 3°8 
0-10 S 6-3 3-9 
0-075 83 6-9 3-8 
0-050 9 6-8 3-9 
0-035 1] 6-7 3-7 
0-001 15 6-9 3-9 
0 90 4-6 4-6 
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Fig. 5. Effects of omitting cofactors on the oxidation of 
pyruvate and oxaloacetate by cauliflower mitochondria. 
Curve 1, complete system; 1 ml. enzyme preparation, 
pyruvate (001m), oxaloacetate (0-001m), 1 mg. ATP, 
1 mg. DPN, 0-1 mg. CoA, 0-5 mg. cocarboxylase; curve 2, 
as 1 minus cocarboxylase; curve 3, as 1 minus CoA; 
curve 4, as 1 minus cocarboxylase and CoA; curve 5, as 
1 minus pyruvate and oxaloacetate. 
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tion of any initial induction period (Fig. 5). With 
potato, however, there was observed to be a close | 
correspondence between the behaviour of particles 
separated from the tuber [0-001M cysteine was 
included in the grinding medium in this case 
(Sharpensteen & Conn, 1954)] and those prepared 
from Ricinus endosperm. A similar lag period in 
the onset of O, uptake was observed by Brummond 
& Burris (1953) when lupin mitochondria were 
supplied with oxaloacetate—pyruvate (see Dis- 
cussion). | 
Figs. 6 and 7 show the oxidation of an oxalo- 
acetate—pyruvate mixture by potato mitochondria 
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preparations. A, 0-01mM pyruvate, 0-01M oxaloacetate, 
1 mg. DPN, 1 mg. ATP, 0-1 mg. CoA, 0-5 mg. cocarboxy- 
lase, 1 ml. enzyme; B, no CoA; C, no CoA, no cocarboxy- 
lase. 
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Fig. 6. Oxidation of pyruvate—oxaloacetate by potato 


Fig. 7. Oxidation of pyruvate—oxaloacetate by potato 
preparations. Reaction mixture as for A in Fig. 6. 
D, no cocarboxylase; ZH, no ATP; F, no DPN. 
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and the effects of single omissions of the several 
cofactors. It will be seen that the initial induction 
period in the presence of the full complement of 
cofactors and substrates, which was only fleeting in 
Ricinus, is here extended. A second difference was 
that oxaloacetate was not oxidized at all in the 
absence of added pyruvate; a minimum concentra- 
tion of 0-004m pyruvate had to be provided if 
oxidation was to occur. Once this level had been 
reached, however, the reaction proceeded at 
maximal rates and was then independent of further 
increases in the pyruvate concentration. 
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Fig. 8. Mitochondrial oxidation of pyruvate induced by 
transacetylase and phosphate as acetyl acceptor. 
Complete system (curve 1) contained mitochondria, 1 ml. 
of the standard preparation, cofactors (1 mg. ATP, 1 mg. 
DPN, 0-1 mg. CoA, 0-5 mg. cocarboxylase) pyruvate 
(0-01m) and 0-5 ml. of a preparation containing trans- 
acetylase from dried cells of Clostridium kluyveri; 
curve 2, mitochondria with cofactors and transacetylase; 
curve 3, cofactors, pyruvate and transaeetylase; curve 4, 
transacetylase alone. 


Necessity for an acetate or acetyl acceptor 


In enzymes isolated from bacterial and animal 
preparations several workers (see Discussion) have 
demonstrated the requirement for an acetate or 
acetyl acceptor in reactions involving the CoA- 
mediated oxidation of pyruvate. The fact that 
pyruvate is not oxidized by Ricinus or potato 
preparations even in the presence of a full comple- 
ment of cofactors (except in the presence of oxalo- 
acetate or its precursors) may be taken as evidence 
that this substance plays the role of an acetate 
acceptor in the present reaction. 
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This view is supported by two additional lines of 
evidence. First, it was shown chromatographically 
that citrate is formed in the reaction mixtures 
during the period of rapid oxygen uptake. Secondly, 
it was found possible to replace oxaloacetate by an 
entirely different acceptor. Phosphate has been 
shown to serve as an acetyl acceptor in the presence 
of a suitable donor and a transacetylating enzyme 
from Clostridium kluyveri (Stadtman, Novelli & 
Lipmann, 1951; Stadtman, 1952). Experiments 
were therefore performed in which an extract from 
dried cells of C. kluyveri, kindly supplied by Dr 
Stadtman and known to contain transacetylase, 
was tried as an acetyl acceptor. The extract was 
prepared by suspending 0-5 g. of the dried cells in 
10 ml. of 0-01mM phosphate buffer pH 7-0 and 
allowing the suspension to stand at 25° for 4 hr. 
with occasional stirring, after which the cell 
particles were centrifuged off at 18000 g. A portion 
(0-5 ml.) of the clear yellow supernatant was used, 
and as can be seen from Fig. 8 the preparation did 
not absorb oxygen (curve 4) and was incapable of 
oxidizing pyruvate even in the presence of all the 
cofactors (curve 3). When mitochondria were added 
with the cofactors to the transacetylase (curve 2) 
the oxygen uptake was again negligible, and the 
mitochondria themselves are incapable of oxidizing 
pyruvate. However, when pyruvate was added to 
a mixture of mitochondria, transacetylase and 
cofactors, a rapid oxygen uptake was evident from 
the outset (curve 1). 


DISCUSSION 


The results obtained in experiments designed to 
take advantage of the properties of a particulate 
fraction from castor-bean endosperm, which is 
largely devoid of endogenous substrates and co- 
factors, provide indications of the actual mech- 
anism of pyruvate oxidation in the higher plant. It 
is apparent that neither oxaloacetate nor pyruvate 
is oxidized alone and that the oxygen uptake in 
the presence of a combination of these substrates 
proceeds at its maximum rate from the outset only 
in the presence of a full complement of cofactors, 
including coenzyme A and cocarboxylase. The 
involvement of these two cofactors is clearly shown 
by their effects on the termination of the remark- 
able induction periods observed in deficient 
reaction mixtures. The demonstration in a number 
of preparations from plants of the beginning of 
pyruvate oxidation that follows the addition of an 
acid of the Krebs cycle, supports the accepted view 
that the oxidation of these acids proceeds from the 
citrate stage in a cyclic manner to give oxaloacetate 
which, as we have demonstrated, is involved in the 
It appears that if oxalo- 
oxygen 


oxidation of pyruvate. 


acetate is the sole added substrate no 
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uptake can be detected until some of the acid 
undergoes decarboxylation to yield pyruvate, 
which is then oxidized in a coenzyme A- and co- 
carboxylase-mediated reaction in which the re- 
maining oxaloacetate plays the role of an acetate 
acceptor. This view is supported by the finding 
that pyruvate, which is also apparently incapable 
of oxidation as a single substrate, undergoes rapid 
oxidation when orthophosphate and transacetylase 
are substituted for oxaloacetate as the acceptor 
system which regenerates CoA. In the light of 
conclusions from spectrophotometric experiments 
with isolated enzymes from other sources (Ochoa, 
1954) we may suppose with some justification that 
the oxidation of pyruvate by the Ricinus mito- 
chondria proceeds as follows: 


Cocarboxylase 
ATP 


Pyruvate + DPN 


0,~<----DPNH + CO,<————” “> H,,(..C0..S.CoA 


where the acceptor may be oxaloacetate, which 
yields citrate in the presence of condensing enzyme, 
or orthophosphate, which yields acetyl phosphate 
in the presence of transacetylase. 

In some of the mitochondrial 
described, the assessment of the roles of the co- 
factors is complicated by the fact that, even when 
one or more of the cofactors is omitted, the reaction 
begins after a more or less prolonged lag period. In 
a polyphasic system of this type such a delay 
might be caused by barriers to the mutual access of 
enzymes and other reactants. However, induction 
periods are known in purely chemical reactions, 
and though the causal factors are varied it has been 
suggested (Friend, 1932) thai, in a system of 
consecutive reactions which proceed at measurable 


preparations 


rates, an induction period would be observed 
between the initiation of the first reaction and the 
appearance of the end product of the terminal 
reaction at its maximum rate. The duration of such 
an induction period would depend on the concen- 
tration of the various reactants. Such a thesis 
would be very attractive because the studies on 
partial reactions show that the oxidation of pyru- 
vate in animal and bacterial preparations proceeds 
through a series of consecutive reactions involving 
coenzyme A, DPN, cocarboxylase and an acetate 
acceptor, and it is the presence and concentration 
reactants that determine the 


of these various 


duration of the induction periods in the plant 
preparations. The production of pyruvic acid from 
oxaloacetic acid occurs readily, and the oxidation 
of oxaloacetate after an initial induction period 
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might easily be associated with the requirement for 
an initial decarboxylation to give a reaction 
mixture containing both acids; this view is 
supported by the experimental findings. The fact 
that induction periods brought about by the 
omission of single cofactors are also eventually 
terminated implies that although the level of the 
available cofactors originally present in the mito- 
chondrial preparations is insufficient to meet the 
minimal requirement, this deficit is made good by 
some unknown mechanism during the lag period. 
This might conceivably occur either by synthesis 
from precursors or release from an unavailable 
condition. In the cauliflower preparations, which 
show no such lag effects, we may suppose that the 
minimal requirements for cofactors are already met. 


HS.CoA Acetylated acceptor 


Acceptor 


A further possibility, which may well be a major 
cause of the lag effects which occur even when 
oxaloacetate, pyruvate and the four cofactors are 
present together, has been suggested to us by 
Dr C. A. Price. Because of the fact that the malic— 
oxaloacetic equilibrium under the influence of 
malic dehydrogenase and DPN is known to be very 
much in favour of malic acid, we might expect that 
when oxaloacetic acid is supplied to the system the 
malic—dehydrogenase reaction will compete with 
the enzymes transferring electrons to oxygen for 
the reduced DPN produced during the initial 
stages of pyruvate oxidation. The expected result 
of such an interaction would be that, even though 
pyruvate oxidation might be proceeding, its mani- 
festation as oxygen uptake would be delayed to the 
extent of the time necessary for the oxaloacetic— 
malic equilibrium to be established. Clearly, if the 
initial stages of pyruvate oxidation were slowed 
down, e.g. by the omission of one or more co-factors, 
the lag period would be more extended; and since 
the oxaloacetate supplied would at the same time 
be subject to decarboxylation to pyruvate and 
condensation to citrate, its concentration would be 
a diminishing one, and hence the competition for 
reduced DPN would decrease during the experi- 
ments. Further experimental analysis of this 
possibility is contemplated. 

There is at least one earlier reference to induction 
periods in a closely similar system. Lipmann & 
Tuttle (1945), measuring pyruvate decomposition 
with a preparation from Escherichia coli, reported 
that the final rate was reached only after prolonged 
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incubation, and suggested an autocatalytic activa- 
tion of some part of the enzyme system as the 
cause. In the only previous case in which a time 
curve of oxaloacetate—pyruvate oxidation by plant 
mitochondria has been given, a lag phase is clearly 
apparent (Brummond & Burris, 1953); this was 
interpreted by the authors as an inhibition by the 
oxaloacetate, although the rate once established 
was as rapid as with malate, and it now seems to us 
that the alternative explanation outlined above is 
the more likely one. 

Whatever may be the precise explanation of the 
spontaneous termination of the lag _ periods 
observed in the absence of one or more cofactors, 
the point that we wish to emphasize is that the 
marked stimulation of pyruvate oxidation by the 
full complement of cofactors, the initiation by 
oxaloacetate (or another system which would be 
expected to lead to the regeneration of coenzyme A) 
and the initial failure of the reaction to proceed at 
measurable rates in the absence of any one co- 
enzyme provide strong grounds for believing that 
these substances are directly implicated in a 
reaction sequence analogous to that elucidated by 
recent work on isolated enzymes. This reaction 
sequence would appear to proceed both in the 
oxidation of an individual acid which was giving 
rise to an acetate acceptor as well as in the func- 
tioning of the cycle as an integrated unit, in vivo. 


SUMMARY 


1. The conditions under which pyruvate is 
oxidized by plant mitochondrial preparations, 
particuiarly those from the endosperm of germi- 
nating Ricinus seeds, have been investigated. 
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2. It has been established that maximal initial 
rates of oxygen uptake are not obtained unless 
coenzyme A, cocarboxylase and an acetyl-acceptor 
system, as well as adenosine triphosphate and 
diphosphopyridine nucleotide, are provided. 

3. An induction period before the onset of 
oxygen uptake has been found to be a feature of 
pyruvate oxidation in 
Possible explanations of this effect are discussed. 


certain circumstances. 
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Metabolic Effects of Azide on Electrically Stimulated Cerebral Cortex 


By C. C. KRATZING 
Department of Biochemistry, John Curtin School of Medical Research, 
Australian National University, Canberra, Australia 


(Received 16 May 1955) 


The metabolic rate of slices of cerebral tissue in 
be increased by the application of 
electrical pulses (MeclIlwain, 195la; Mcellwain, 
Anguiano & Cheshire, 1951). Heald (1953) demon- 
strated that metabolic inhibitors were able to 
depress the response to applied electrical pulses at 
concentrations which had negligible effects on the 
normally respiring tissue. A greater sensitivity to 


vitro can 


inhibitors had previously been reported by Gerard 


& Doty (1950), who observed that azide could 
abolish the extra oxygen consumption of active 
nerve, while leaving the resting respiration virtually 
unaffected. 

The present investigations were carried out to 
extend Gerard & Doty’s (1950) observations and 
to determine the sensitivity of cerebral tissue to 
azide when metabolizing glucose as well as other 
substrates. 
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METHODS 


The saline contained 0-137 M-NaCl, 0-0055 M-KCl, 0-00295 m- 
CaCl,, 0-00137M-KH,PO,, 0-00137M-MgSO,, 0-05m tris- 
(hydroxymethyl)aminomethane (tris) (brought to pH 7-4 
by HCl). The substrate used was glucose, sodium pyru- 
vate or sodium glutamate. Glucose was added to 0-0056M, 
pyruvate to 0-0112M and glutamate to 0-02m. Incubations 
were under QO, at 37°. 

Guinea-pig cerebral cortex slices were cut parallel to the 
outer surface and weighed as described by Mellwain 
(195la). Slices were held in the type D tissue-holding 
electrodes which were used in conjunction with the type A’- 
manometric electrode described by Mellwain 
(195la). Alternating electrical pulses were generated by 
condenser discharge with a pulse frequency of 100/sec., time 
constant of 1 msec. and peak voltage 5-7 v, depending on 
the resistance of individual electrodes (McDonnell, un- 
published work). 

Aqueous solutions of sodium azide were prepared daily in 
such concentration that the addition of 0-2 ml. of azide to 
7 ml. of saline (the volume in the vessels) gave the final 
concentration desired. 

The manometers containing the slices were placed in a 
thermostat between 25 and 35 min. after the death of the 


vessels 


Table 1. 
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animal and equilibrated for 12 min., at which time the 
azide was tipped into the main compartment from the side 
arm. The rate of respiration was measured then for 1 hr., 
the electrical pulses being applied for the last half hour of 
this experimental period. 

At the end of the experiment, the slices were rapidly 
removed from the electrodes in the manner described by 
Mcllwain & Gore (1951). Inorganic phosphate was deter- 
mined by the method of Ennor & Stocken (1950). Energy- 
rich phosphate (the sum of the creatine phosphate, 
adenosine triphosphate and adenosine diphosphate con- 
tents of the tissue) was determined by the enzymic method 
of Kratzing & Narayanaswami (1953). Lactate was 
measured by the method of Barker & Summerson (1941). 


RESULTS 
Oxygen uptake of cerebral cortex slices 
Normal respiration. The rates of unstimulated 
respiration of cerebral cortex slices for the first 
30 min. period after equilibration are included in 
Table 1. The rates of respiration with glucose or 
pyruvate as substrate, in the absence of azide, were 
similar to those obtained earlier (Kratzing, 1953). 


Effect of sodium azide on respiration rates of cerebral cortex slices with various substrates 


Slices of guinea-pig cortex were respiring in tris—saline buffer at 37°. Substrate concentration for glucose was 5-6 mM, 
pyruvate 11-2 mm and glutamate 20 mo. The initial period was for 30 min. after equilibration and was followed by the 
second period of 30 min. in which the ‘exposed’ tissue received pulses from a condenser as described in text. ‘Control’ 
tissue received no electrical pulses. Sodium azide was tipped from vessel side arm just before commencement of mano- 


metric readings. 


Azide conen. 


Substrate (mM) Treatment 
Glucose 0 Control 
Exposed 
0-25 Control 
Exposed 
0-5 Control 
Exposed 
Pyruvate 0 Control 
Exposed 
0-25 Control 
Exposed 
0-5 Control 
Exposed 
0:75 Control 
Exposed 
Glutamate 0 Control 
Exposed 
0-25 Control 
=x posed 
0-5 Control 
Exposed 
0-75 Control 
Exposed 
None 0 Control 
exposed 
0-5 Control 


Exposed 


Mean O, consumption and s.£.M. 
(umoles/g. wet wt./hr.) 


No. of 


determinations Initial period Second period 





27 55-3413 55-5-L0-2 
27 53-741-1 116-342:1 
18 58-641-2 51-3419 
18 61-241-9 60-1428 
14 52-843-3 41-9+45-6 
14 56-442-7 36-44.3-9 
15 56-5 42-2 56-542-2 
16 58-44 1-6 124-44-4-7 
8 59-443-5 53-4436 
7 62:143-5 90-735 
7 58-0-4.2-7 53-343-1 
8 59-2435 75-9460 
5 60-6 42-8 55-6432 
5 66-8441 59-2416 
10 67-9+41-8 67-741-9 
10 69-8 + 1-6 81-6422 
4 69-3 + 2-5 66-0+3-0 
4 69-34-1-3 73-0-45-2 
6 68-8 + 2-0 63-04 2-6 
6 67-0-+42-9 64-8 43-1 
4 64-34.2-5 53-04 1-4 
4 65-341-7 51-042-2 
4 42-74.3-8 36-7-.2-5 
4 44-0 0-7 42-0 42-2 
4 42-34 2-6 28-2 41-2 
4 45-34. 1-6 29-7 42-6 
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The initial rate of respiration with glutamate 
was higher than that for glucose and agrees 
with MelIlwain’s (1952) observations with this 
substrate. 

Effect of azide. The concentrations of azide used 
in these experiments had only a minor effect on 
the respiration rate of the tissue which did not 
receive electrical pulses. The respiration of slices 
metabolizing pyruvate was unaffected by concen- 
trations of azide up to 0-75 mm. On the other hand, 
this concentration of azide caused a fall of 18% in 
the respiration rate during the second 30 min. 
period with glutamate as substrate. Tissues meta- 
bolizing glucose were more sensitive to azide than 
those metabolizing the other substrates studied, 
and at 0-5 mM azide caused an inhibition in respira- 
tion of over 20%. 

Effect of electrical pulses. The respiration rate of 
slices metabolizing glucose or pyruvate in the 
absence of azide was increased markedly by the 
application of electrical pulses, as has been reported 
previously (MclIlwain, 195la, 1953; Kratzing, 
1953). It was found that the application of 
electrical pulses to slices respiring in glutamate— 
saline caused an increase in respiration which 
amounted to 17%. This was contrary to the 
findings of McIlwain (19516, 1953), who reported 
that glutamate was a substrate which did not 
support a respiratory response to electrical pulses 
with guinea-pig cerebral tissue. 

Tissue slices respiring in glucose-saline and 
receiving electrical pulses were most sensitive to 
azide (see Table 1). The increased respiration 
produced by the pulses was nearly completely in- 
hibited by 0-25 mm azide and completely inhibited 
by 0-5mm azide. There was a lower degree of 
inhibition with pyruvate as substrate. 0-5 mm 
Azide in pyruvate-saline caused only a 70% 
inhibition of the increased respiration produced by 
the pulses; 0-75 mm azide was required for complete 
inhibition. The slight increase in respiration 
obtained by electrical pulses with glutamate as 
substrate was abolished by the presence of 0-25 mm 
azide. 

Lactate production 


The effects of azide on both the stimulated and 
unstimulated production of lactate are shown in 
Table 2. Over the range of azide concentration 
studied, the extra lactate produced in the presence 
of azide was approximately proportional to the 
azide concentration. This relationship also held 
with tissue receiving electrical pulses. 


Changes in concentration of phosphates 


Energy-rich phosphates. The mean values of the 
energy-rich phosphate content of cerebral cortex 
slices after respiration in glucose for 1 hr. are given 
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AZIDE ON ELECTRICALLY STIMULATED BRAIN TISSUE 


129 


in Table 3. The values obtained for the energy- 
rich phosphate content of cerebral cortex slices in 
the absence of azide are comparable with those 
obtained earlier (Kratzing, 1953). In unstimulated 
slices, 0-5 mm azide caused a fall of 40% in the 
energy-rich phosphate content of the tissue, and in 
slices exposed to electrical pulses the same azide 
concentration caused a fall of 65%. 


Table 2. Effect of azide on lactate production 
Guinea-pig cerebral cortex slices were respiring in tris— 

saline buffer with 5-6 mm glucose under O, at 37° for 75 min. 

‘Exposed’ tissue received alternating electrical pulses. 


Mean production of 





Azide No. of lactate and S.E.M. 
concn. determi- (ymoles/g. wet wt./ 
(mm) Treatment nations experimental time) 
0 Control 9 33-1+43-2 
Exposed 9 50-8 + 5- 
0-25 Control 8 50-4+5-7 
Exposed 8 75:7 14-6 
0-5 Control 8 67-4+8-2 
Exposed 8 96-3+47°8 


Table 3. Effect of azide and electrical pulses on 
energy-rich phosphate content of cerebral cortex 
slices 
Guinea-pig cortex slices were metabolizing glucose under 

conditions described in Table 1. The ‘exposed’ tissue 

received the electrical pulses. 


Azide No. of Total energy-rich 

concn. determi- phosphate and s.£.M. 

(mm) ‘Treatment nations (umoles/g. wet wt.) 

0 Control 8 3-05+0-19 
Exposed 8 2-38 -+0-24 

0-25 Control 8 2-63 + 0-12 
Exposed 8 1-75+0-16 

0-5 Control 8 1-81+0-14 
Exposed 8 0-82 +0-05 


Inorganic phosphate. The mean values of the 
inorganic phosphate content of cerebral cortex 
slices, obtained from slices respiring in glucose, 
pyruvate and glutamate salines, are given in 
Table 4. The values obtained with glucose and 
pyruvate with slices not receiving pulses and in the 
absence of azide are comparable with those obtained 
earlier (see McIlwain, Buchel & Cheshire, 1951; 
Kratzing, 1953). The values found for unstimulated 
tissue without azide and with glutamate as sub- 
strate were greater than those reported by 
Mcllwain (19516), but were comparable to those of 
Kratzing & Narayanaswami (1953). (See McIlwain, 
1952, for discussion of metabolic changes with 
glutamate resulting in high inorganic phosphate.) 
Increasing concentrations of azide increased the 
inorganic phosphate content of both unstimulated 
Bioch. 1956, 62 
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slices and those exposed to electrical pulses. With 
all substrates tested, the application of pulses to 
the tissue produced a higher level of inorganic 
phosphate than that of the unstimulated tissue 
subjected to the same azide concentration. The 
difference in inorganic phosphate content between 
unstimulated slices and slices receiving pulses was 
greater with pyruvate than with the other sub- 
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the extra oxygen consumption of caffein-stimulated 
frog muscle. However, Stannard (1939) found that 
concentrations of azide of the order of 1-0 mm were 
required to attain maximum inhibition of stimu- 
lated respiration, which then coincided with the 
normal rates of respiration for resting muscle. This 
comparison of the effect of azide on muscular and 
nervous tissue suggests that nervous tissue is more 


strates. sensitive to azide. 
Table 4. Effect of substrates and electrical pulses on inorganic phosphate of cerebral cortex slices 
Guinea-pig cerebral cortex slices were respiring in tris-saline under conditions described in Table 1. The ‘exposed’ 


tissue received the electrical pulses. 
Mean inorganic 





Azide conen. No. of phosphate and s.£.M. 
Substrate (mm) Treatment determinations (ymoles/g. wet wt.) 
Glucose 0 Control 11 
Exposed 1] 
0-25 Control 7 
Exposed 7 6-9+0-1 
0-5 Control 4 5840-1 
Exposed 4 6-6+0-3 
Pyruvate 0 Control 10 4-3+40-2 
Exposed 10 6-140-4 
0-25 Control 5 4-9+0°3 
Exposed 5 7040-4 
0-5 Control 5 4-7+0-2 
Exposed 4 7640-7 
0-75 Control 4 58 -+ 0-6 
Exposed 4 7810-7 
Glutamate 0 Control 10 6-7 +01 | 
Exposed 9 7440-4 
0-25 Control 4 7-0+0-3 ; 
Exposed 4 7540-2 
0-5 Control 6 65403 
Exposed 5 7-4+0-6 
0-75 Control 4 7-2+0-7 
Exposed 4 8-3+0-8 
} 
None 0 Control 4 6-6-+0-2 
exposed 4 9-0-+. 0-4 
0-5 Control 4 79+0-5 
Exposed 4 8-0-. 0-2 
DISCUSSION A new mode of action of azide inhibition has been 


elucidated by the work of Spiegelman, Kamen & 


Sussman (1948), Reiner and Loomis & 


In the present study, concentrations of azide were 
used which had only minor effects on the respira- 
tion rates of tissues which did not receive electrical 
pulses. However, these concentrations of azide 
were sufficient to inhibit strongly the respiratory 
response to pulses in the case of tissues utilizing 
glucose or pyruvate. Gerard & Doty (1950), using 
frog peripheral nerve, found that the extra oxygen 
consumption of stimulated nerve was inhibited by 


the addition of 0-1-0-3 mM azide; and previously 
Stannard (1939) has reported that azide inhibited 


(1948) 
Lipmann (1949). From the results of these workers 
it is apparent that azide inhibits oxidative phos- 
phorylation in both and mammalian 
tissues. The present results show that azide lowers 


microbial 


the content of energy-rich phosphate in cerebral 
tissue. In slices receiving pulses, the fall in energy- 
rich phosphate is approximately the sum of the 
changes the treatments 
(namely the application of pulses and the presence 


caused by individual 


of azide). In slices utilizing glucose, the fall in 
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energy-rich phosphate is accompanied by an 
increase in the content of morganic phosphate. 
This increase is much greater than would be 
expected by the lowering of energy-rich phosphate. 
Trevelyan, Gammon, Wiggins & Harrison (1952) 
have reported a marked rise in inorganic phosphate 
of yeast suspensions during fermentation in the 
presence of azide, and state that the rise in inorganic 
phosphate was due to increased decomposition of 
organically bound phosphate. It is possible that 
with cerebral tissue an analogous process of 
decomposition of a phosphorus-containing com- 
pound, other than those actually determined, may 
account for the increase in inorganic phosphate. In 
view of the low content of phosphorylated glyco- 
lytic intermediates in cerebral tissue (Kratzing, 
1953), it is unlikely that they contribute signi- 
ficantly to the rise in inorganic phosphate in the 
presence of azide. The increase in inorganic 
phosphate of slices utilizing pyruvate was not as 
great as that for glucose at the same azide concen- 
tration. This, together with the data discussed 
above, could support the hypothesis for azide 
action proposed by Spiegelman et al. (1948) for 
yeast. They suggested that azide is able to form a 
complex with the acyl phosphate of diphospho- 
glycerate, while the latter is combined with glycer- 
aldehyde 3-phosphate dehydrogenase. The resulting 
acyl azide would hydrolyse and the whole reaction 
would result in a liberation of inorganic phosphate. 
From the present results it is not possible to say at 
what stage azide affects the glycolytic cycle, but, 
since the sensitivity to azide of cerebral slices 
metabolizing glucose is greater than those utilizing 
pyruvate, it wouid seem possible that azide is an 
inhibitor of some enzymic process in the glycolytic 
pathway from glucose to pyruvate. 

Heald (1953) found that with electrically stimu- 
lated cerebral. tissue, iodoacetate and sodium 
fluoride inhibited the extra lactate produced as a 
result of stimulation whilst they caused only small 
changes in the respiration. On the other hand, 
malonate increased the lactate production and had 
only a slight effect on the respiration. In the 
present experiments with tissues utilizing glucose, 
azide increased both the lactate production of 
electrically stimulated and the normal 
aerobic lactate production at very nearly the same 
rate. A the 
presence of azide is that the degree of inhibition of 
the electrically stimulated respiration is greater 
than the accumulation of lactate resulting from the 
passage of the pulses. Handler (1945) has noted an 
rabbits after 


tissues 


feature of glucose metabolism in 


accumulation of blood lactate in 
injection of sodium azide. 

In the present study, only the highest concentra- 
tion of azide used had any effect on tissues meta- 


bolizing glutamate. At a concentration of 0-75 mM, 
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13] 


azide caused a fall in the respiration rate during the 
second half of the experiment. This fall in respira- 
tion was unaffected by the application of electrical 
pulses, although pulses caused a slight increase in 
respiration in slices without azide. Furthermore, 
increasing amounts of azide did not affect the 
content of inorganic phosphate in the slices not 
receiving pulses. 

With slices utilizing only endogenous metabolites, 
azide was also without effect, whether or not the 
tissue was receiving pulses. Elliott & Sutherland 
(1952) also found that azide was without effect on 
the endogenous metabolism of human cerebral 
tissue. 


SUMMARY 


1. The effects of sodium azide on the oxygen 
uptake, lactate production, content of energy- 
rich phosphate and inorganic phosphate of electric- 
ally stimulated slices of guinea-pig cerebral cortex 
have been studied. 

2. Azide depressed the stimulated oxygen 
uptake of tissue which was metabolizing glucose or 
pyruvate. 

3. The lactate production of cerebral slices was 
increased by azide whether or not the tissue 
received electrical pulses. 

4. The energy-rich phosphate content of tissue 
in glucose-saline was lowered by azide in both 
unstimulated and stimulated slices. 

In unstimulated and stimulated slices, the 
was increased by 


5. 
inorganic phosphate content 
azide while the tissue metabolized glucose. With 
pyruvate or glutamate the increases in inorganic 
phosphate content were not so marked as those 
with glucose. 

6. The respiration rate of cerebral cortex slices 
metabolizing glutamate was increased by 17% by 
the application of electrical pulses. 


I am greatly indebted to Mr W. Maher for assistance 


during these experiments. 
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The Metabolism of Glutamic Acid in Germinating Green Gram Seeds 
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University Biochemical Laboratory, Madras 25 


(Received 5 May 1955) 


During germination of green gram seeds (Phaseolus 
radiatus), glutamic acid differs from the other 
amino acids by its rapid degradation (Sivara- 
makrishnan & Sarma, 1954a). It is converted into 
asparagine during germination (Sivaramakrishnan 
& Sarma, 1954b). This conversion takes place in 
Bengal gram (Cicer arietinum) and horse gram 
(Dolichus biflorus) seeds and may be presumed to be 
common to all legume seeds, supplying in part the 
energy requirements of their germination (Sivara- 
makrishnan, 1955). But a rough approximation 
revealed that, at the most, only a portion of the 
metabolized glutamic acid could have been con- 
verted into asparagine, suggesting the formation of 
other products. It has recently been shown that 
glutamic acid is converted into arginine and proline 
in Escherichia coli (Abelson, Bolton, Britten, Cowie 
& Roberts, 1953), and in rats (Salbach, Koeppe & 
Rose, 1951). The questions whether a similar con- 
version into arginine and proline takes place in 
germinating seeds also, and, if so, how far this con- 
version is quantitatively significant in the meta- 
bolism of glutamic acid, were deemed worth in- 
vestigating. Hence a study of the metabolism of 
glutamic acid, using uniformly “C-labelled glutamic 
acid and involving the isolation of the four amino 
acids, glutamic acid, aspartic acid, arginine and 
proline, was conducted, and the details of the 
results obtained are presented here. These investi- 
gations on the catabolism of glutamic acid revealed 
that the rate of degradation of glutamic acid is far 
greater than was presumed earlier. They also 
suggested a simultaneous synthesis of glutamic 
acid during germination, and also that carbon 
dioxide is probably the major end-product of 
glutamic acid degradation. 


1X PERIMENTAL 


Materials 


The green gram seeds were obtained from the Government 
Pulses Specialist, Coimbatore. They were carefully hand- 
picked, only the well-formed ones with a healthy green 


colour being chosen, and the odd-sized or defective ones 
discarded. Seeds thus chosen invariably weighed 40 +5 mg. 
each; and at least 98-99% of these germinated. 

t-Glutamic acid hydrochloride (4-6 mg., 0-1 mc), and 
D-glucose (1-3 mg., 0-1 mc), both uniformly labelled with 
M4C, were obtained from the Radiochemical Centre, 
Amersham, England. 


Methods 


Catabolism of glutamic acid. All the apparatus and 
solutions used in germinations were previously sterilized 
by autoclaving at 15 lb./sq.in. pressure (120°) for 15 min. 

Seeds (20 g.), divided into four equal portions, were used 
for the germination. The seeds were sterilized by soaking 
for 1-2 min. in 0-1% HgCl,, followed immediately by 
repeated washings with sterile distilled water. Under these 
conditions, no detrimental effects due to contact with 
HgCl, could be observed in the germination. Each portion 
was transferred aseptically into a sterile 11 cm. Petri dish 
containing a sterilized filter circle. The medium in each dish 
consisted of 0-23 mg. “C-labelled glutamic acid hydro- 
chloride with an activity equal to 7-19 x 10® counts/min. in 
sterile water. The volume of the medium was adjusted with 
sterile water to 24 ml., which was just enough for 72 hr. 
germination. Germinations were carried out in diffuse 
light in a sterile chamber at room temp., which varied 
between 28 and 31°. Seedlings grown under these condi- 
tions, if crushed and plated out in a nutrient medium, were 
always found to be free from any bacterial contamination. 

At the end of the germination, the seedlings and Petri 
dishes with filter-papers were washed separately, and the 
radioactivity in the collected washings was determined. 
This gave a measure of the maximum amount of the radio- 
active compound left behind. 

The seedlings, containing approximately 17 g. dry solids 
and 85 ml. water, were ground to a fine paste, mixed with 
125 ml. 10N-HCI (final vol. 210 ml. 6N-HCl) and refluxed 
for 22 hr., the solution being kept just boiling. Excess of 
HCl was then removed by vacuum distillation, the final 
concentrate was diluted with water and cooled in the ice 
chest to precipitate out the humin completely. The humin 
was filtered off and the hydrolysate made up to 200 ml. 
A sample of this solution (20 ml.) was removed for the 
estimation of the four amino acids, as well as the total 
radioactivity after suitable dilution. Arginine was esti- 
mated colorimetrically according to Macpherson (1946), 
glutamic acid manometrically by enzymic decarboxylation 
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with Clostridium welchii S.R. 12 (Meister, Sober & Tice, 
1951), and aspartic acid and proline were determined by 
microbiological assay with Leuconostoc mesenteroides P 60 
[aspartic acid according to Hac & Snell (1945) and proline 
according to Sauberlich & Baumann (1949)]. 

From the remaining hydrolysate (180 ml.) the amino 
acids were isolated in the following order: arginine as 
flavianate, glutamic and aspartic acids as their barium 
salts, and proline as rhodanilate. In the isolation of 
arginine monoflavianate, the details given by Vickery 
(1940) were closely followed. The monoflavianate crystals 
were repeatedly recrystallized, until they showed a 
brilliant .golden-yellow lustre and constant radioactivity. 
Glutamic and aspartic acids were separated together as 
their barium salts (Foremann, 1914) and purified by a 
reprecipitation. The two amino acids were then separated 
as glutamic acid hydrochloride and copper aspartate 
according to conventional procedures given by Block & 
Bolling (1945). Proline was isolated as the rhodanilate 
according to Bergmann (1935). All these amino acid 
derivatives were purified by several recrystallizations or 
reprecipitations until they showed constant radioactivity. 
Radioactivity measurements were carried out with a 
windowless gas-flow counter, using a Tracerlab SC-1C 
autoscaler and a SC-4 Eagle Preset Counter, with a probable 
statistical error in counting not exceeding 2%. All samples 
(0-5-1-0 mg.) were counted as uniform thin layers in 
stainless-steel planchets of diam. 2-4cm. No corrections 
were made for self-absorption. 

Formation of carbon dioaide from glutamic acid. A large 
Pyrex desiccator was sterilized by smearing the inside with 
formalin and heating in the air-oven at 110° to remove the 
formalin. After cooling, a sterile 11 em. Petri dish with a 
filter ‘circle was introduced and the upper half removed. 
Sterilized seeds (5 g.) were allowed to germinate in this 
open dish inside the closed desiccator for 72 hr. The 
medium contained 0-0257 mg. of labelled glutamic acid 
hydrochloride with an activity equal to 8-039 x 10° counts/ 
min. in 24 ml. sterile water. The CO, produced was ab- 
sorbed in 50 ml. N-NaOH and precipitated from the hot 
solution as BaCO, by the addition of BaCl,. The solution 
was filtered through an AG-4 sintered crucible, the pre- 
cipitate washed thoroughly, and then dried to constant 
weight by heating. The total radioactivity in the BaCO, 
corresponds to the activity lost during germination. 

The seedlings and the Petri dish, which contained a small 
amount of unabsorbed solution, were washed separately 
and the radioactivity in the combined washings was deter- 
mined. The total radioactivity in the seedlings was also 
determined, though approximately, by grinding the seed- 
lings with water in a Waring Blendor and measuring the 
activity in a very small portion of the macerate. 

Synthesis of glutamic acid during germination. As the 
levels of many of the amino acids tested did not vary to 
any considerable extent during germination (Sivarama- 
krishnan & Sarma, 1954a), carbohydrates were considered 
possible sources of the synthesized glutamic acid and the 
formation of glutamic acid from glucose was investigated. 
The experiment consisted in allowing seeds to germinate in 
a medium containing “C-labelled glucose, and determining 
the radioactivity of glutamic acid hydrochloride isolated 
from the seedlings. The experimental details were the same 
as those given under ‘Catabolism of glutamic acid’, except 
that 0-0325 mg. of glucose with an activity equal to 
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30-425 x 10° counts/min. was used in each dish instead of 
glutamic acid. Only aspartic and glutamic acid were 
isolated in this experiment. 


RESULTS AND DISCUSSION 


In Tables 1 and 2 are presented the results of the 
distribution of radioactivity from [C]glutamic 
acid after 72 hr. germination. It will be seen 
(Table 1) that the radioactivity retained by 
glutamic acid after 72 hr. is only about 5 % of that 
supplied. Thus, during 72hr. germination, as 
much as 95% of the radioactive compound has 
undergone degradation. This clearly points to an 
extremely rapid catabolism of glutamic acid in 
germinating seeds. 


Table 1. Distribution of radioactivity in various 
amino acids in green gram seediings after germina- 
tion in the presence of 4C-glutamic acid 


For experimental details see text. 


Total Percentage 
radioactivity of added 

Constituent (counts/min.) radioactivity 

Radioactive glutamic 28-8 x 10° 100 
acid added 

Total hydrolysate 3-95 x 106 13-7 
Glutamic acid 1-40 x 108 4-86 
Aspartic acid 1-32 x 10° 4-58 
Arginine 6-25 x 104 
Proline 3-05 x 104 - 
Arginine + proline 9-30 x 104 0-325 


Residual activity in 0-286 x 10° 0-995 


Petri dish 


On the other hand, determinations of glutamic 
acid content in the ungerminated seeds (204-2 mg./ 
5g. of seeds), and in the seedlings after 72 hr. 
germination (132-3 mg./5 g. seeds) indicate a net 
fall in the glutamie acid level of only about 35% 
during the same period (Sivaramakrishnan & 
Sarma, 1954a). In sharp contrast to aspartic acid 
and asparagine, whose levels vary quite consider- 
ably, the level of glutamic acid at the end of 72 hr. 
germination is constant to within 5%, so that the 
net fall in glutamic acid is always equal to 
35 +2-5%. Whereas the radioactivity lost by the 
glutamic acid gives an estimate of its catabolism, 
the manometric determinations give only the 
balance between its degradation and synthesis 
during that period. Applying this, it will be seen 
that, while there is about 95% degradation of 
glutamic acid during 72 hr., there must have been 
a synthesis of glutamic acid to the extent of about 
60 % during the same period since the net fall in 
glutamic acid content is only 35%. Evidence for 
the synthesis of glutamic acid is presented later 
on. Isotopic investigations, in combination with 
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periodical manometric determinations, thus reveal 
that glutamic acid is in a highly metabolically 
active state in germinating seeds. 

The activity retained in the hydrolysate amounts 
only to 13% of the activity supplied, of which 
4-9% is due to glutamic acid itself. Hence only 
8-8 % out of 95% metabolized is accounted for by 
products in the hydrolysate. The remainder, which 
constitutes the major portion of the glutamic acid 
metabolized (about 86%), must have been lost 
either in the course of germination or during the 
preparation of the hydrolysate. 
glutamic acid for respiration through its keto 
analogue, «-oxoglutaric acid, and the Krebs cycle, 
is highly probable, and in this case the radio- 
activity would be lost as carbon dioxide. Chibnall 
(1939) has pointed out the possibility of protem 
being used for respiration as well as for amide 
amounts of other carbon 


formation, since the 


compounds were not sufficient for both. In view of 


its close association with ~-oxoglutaric acid through 
glutamic dehydrogenase, which is known to be 
present in these seedlings (Damodaran & Nair, 
1938), and its high metabolic activity, glutamic 
acid would appear to be the most probable respir- 
atory substrate among the protein constituents. 
That it may be so used will be evident from the 
data presented in Table 2, where it will be seen that 
as much as 52 % of the total radioactivity supplied 
as glutamic acid is recovered in the respired carbon 
dioxide. 


Table 2. Formation of radioactive carbon dioxide 
during germination of green gram seeds in the 
presence of 4C-glutamic acid 


For experimental details see text. 


Total Percentage 
radioactivity of added 


Constituent (105 counts/min.) radioactivity 


Radioactive glutamic 8-04 100 
acid added 

Carbon dioxide 4-185 52-05 
(as BaCO,) 

Seedlings 2-31 28-8 
Hydrolysate 0-805 10-0 
Washings, including 0-750 9-33 


unabsorbed solution 
Total activity 7°25 90-1 
accounted for 


Germinating seedlings also contain a_ wide 
variety of highly active glutamic transaminases 
(Stumpf, 1951; Albaum & Cohen, 1943), and it is 
very probable that, through the mediation of these 


enzymes, glutamic acid plays a central role in the 


synthesis of various amino acids in the growing 
plant. The rapid degradation of glutamic acid 
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observed in the present investigations favours such 
an active participation of glutamic acid in amino 
acid synthesis. These reactions also lead to the 
conversion of glutamic acid into «-oxoglutaric 
acid, which on subsequent oxidation through the 
Krebs cycle gives rise to carbon dioxide. This 
sequence of reactions thus accounts for the radio- 
activity in the carbon dioxide. 

A comparison of the total activity in the seed- 
lings with that in the hydrolysate (Table 2) shows 
that appreciable activity is lost as volatile degra- 
dation products during the preparation of the 
hydrolysate. 

The radioactivity present im aspartic acid 
(Table 1) is similar to that of glutamic acid, and is 
a major portion of the activity in the hydrolysate. 
Aspartic acid is thus an important metabolite of 
glutamic acid. Arginine and proline also contain 
activity. Thus, the conversion of glutamic acid into 
arginine and into proline, noted in other species 
(Abelson et al. 1953; Salbach eé al. 1951), takes 
place in germinating seedlings also. But the total 
amount of radioactivity present in these two com- 
pounds is only 0-33 % of the total activity supplied. 
As such, these conversions do not seem to represent 
major products of glutamic acid metabolism. 


Table 3. Incorporation of radioactivity into glutamic 
acid during germination of green gram seeds in the 
presence of 4C-glucose 


For experimental details see text. 


Radioactivity 


Constituent (10° counts/min. 


Radioactive glucose supplied in 122-0 
the medium 
Total hydrolysate 5-95 
Glutamic acid 0-336 
Aspartic acid 1-98 
Washings of seedlings and Petri dishes Negligible 
Specific activity of glutamic acid 7-44* 
Specific activity of aspartic acid 24-2* 


* Counts/min./pmole. 


The results obtained with “C-labelled glucose are 
presented in Table 3. As with glutamic acid, the 
activity retained by the hydrolysate is very low 
and amounts to only 5%. The rest is lost either as 
carbon dioxide or as volatile degradation products. 
The glutamic acid isolated was found to be radio- 
active, and the radioactivity incorporated into it, 
though somewhat less, is quite comparable with 
that of aspartic acid, which is the amino acid known 
to accumulate in significant amounts during 
germination of legume seeds. This finding, coupled 
with the fact that the observed radioactivity is that 
retained by the amino acid despite the more 
dominant catabolism, indicates that the synthesis 
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of glutamic acid from glucose, and hence from 
carbohydrates, may be appreciable. 

Aspartic acid accounts for about one-third of the 
activity in the hydrolysate. The specific activity in 
aspartic acid is considerably greater than that of 
glutamic acid. This suggests that, though a small 
amount of aspartic acid may be synthesized from 
glucose through glutamic acid, the major portion is 
formed directly. 


SUMMARY 


1. The metabolism of uniformly ‘C-labelled 
glutamic acid during the germination of green gram 
seeds has been investigated. A very rapid cata- 
bolism has been noted, along with strong pre- 
sumptive evidence for the synthesis of glutamic 
acid during germination. 

2. The major portion of the radioactivity of the 
glutamic acid metabolized is recovered in the 
carbon dioxide given off during germination. 

3. Aspartic acid and asparagine are important 
products of glutamic acid degradation. 

4. A slight conversion of glutamic acid into 
arginine and into proline has been noted. 

5. By the use of “C-labelled glucose, evidence 
for the synthesis of glutamic acid from carbo- 
hydrates during germination has been noted. 

6. The rapid degradation and the extensive 
synthesis of glutamic acid during germination 
its high metabolic activity in 


clearly indicate 


germinating seeds. 
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One of us (V.M.S.) is indebted to the Government of 
India for the award of a Senior Research Scholarship during 
the tenure of which these investigations were carried out. 
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Labelling of Plasma Proteins with Radioactive Iodine 
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(Received 26 May 1955) 


The substitution of 5-10 atoms of iodine in the 
molecule of serum albumin takes place predomi- 


nantly in the tyrosine ring and is associated with 


little or no alteration to the physical properties of 


the proteins (Hughes & Straessle, 1950). The same 
authors showed that at higher combining ratios 


histidine is iodinated and oxidative destruction of 


cystine, tryptophan and other residues occurs along 
with the appearance of abnormal sedimentation 
and electrophoretic characteristics of the protein. 
Horse, human and bovine albumin lose their ability 
to crystallize, become to a large extent insoluble on 


dialysis, and cease to have the specific immunologi- 
cal configuration of albumins (Shahrokh, 1943). 
With only 5-10 atoms of iodine bound iodinated 


albumins become antigenic in the sense that they 
react with antisera to similarly iodinated albumins 
of other species. The fact that they do not give rise 
to precipitable antibodies when injected into the 
same species (Shahrokh, 1943) does not guarantee, 
however, that they will behave in the host precisely 
like the uniodinated host albumin, e.g. so far as 
partition between plasma and lymph or ultimate 
metabolic fate is concerned. Before such partially 
iodinated homologous plasma proteins can be used 
as reliable in vivo tracers it is essential to show that 
the animal cannot select them for special treatment 
from a population of its own uniodinated plasma 
protein molecules. This has been attempted by 


various indirect methods. 
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Iodinated homologousnormal globulins have been 
injected along with antibody globulin and the be- 
haviour of the isotope was compared with that of the 
immunological labels (Melcher & Masouredis, 1951; 
Dixon, Talmage, Maurer & Deichmiller, 1952). 
This method is confined to globulins, of course, and 
presupposes that normal and antibody globulins 
are treated in the same way, a matter which may 
not always be assumed (cf. Humphrey & McFarlane, 
1954). Another approach has been to study the 


elimination of iodinated heterologous proteins. 


Thus Sterling (1951) has given minute amounts of 


iodinated human albumin to rabbits along with 
thousand-fold greater amounts of the same un- 
iodinated protein. Precipitin titres which reflect 
predominantly the elimination of the unlabelled 
molecules decline in the same general way as the 
131T specific activities. The technique has numerous 
difficulties, which are discussed in detail by Gitlin, 
Latta, Batchelor & Janeway (1951). These authors 
conclude that the use of isotopically labelled 
proteins to study the behaviour of antigens in vivo 
and vice versa, is complicated by the heterogeneity 
of most labelled antigen preparations. In any case, 
the assumption that heterologous and homologous 
proteins will be treated in the same way is not 
permissible, at least for periods longer than 6-10 
days, depending on the protein and on the species 
of animal used (Talmage, Dixon, Bukantz & 
Dammin, 1951), and longer periods of observation 
are required to obtain true exponential elimination 
rates (ef. Dixon et al. 1952). 

An alternative method of much wider scope is 
now available, namely the injection of iodinated 
protein along with molecules of the same protein 
which have been labelled biosynthetically with 
another isotope (#4C, »N or *®S). Labelled plasma 
proteins have recently been prepared by feeding 
high-specifie activity C-amino acids to rabbits 
(Dovey, Holloway, Piha, Humphrey & McFarlane, 
1954) and these proteins are eminently suitable for 
this purpose if the assumption is made that they are 
not distinguishable by the recipient animal from 
its own unlabelled proteins. Present knowledge 
suggests that this is a reasonable assumption 
provided that the labelled proteins are not mis- 
handled during the process of transference. This 
paper describes a series of iodinations by different 
procedures and briefly compares the in vivo 
behaviour of carbon-labelled proteins with various 
iodine-labelled ones. 

Two popular methods of iodinating plasma 
proteins which differ mainly in details have been 
used. That of Hughes & Straessle (1950) depends on 
mixing free iodine in potassium iodide solution 
with the protein in bicarbonate buffer at pH 9-5—10. 


That of Francis, Mulligan & Wormall (1951) 


depends on liberating the iodine by acidifying a 
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mixture of iodine and iodate, and adding the 
mixture to an ammoniacal solution of the protein. 
We have also used a third method in which iodine is 
liberated from iodide by the action of H,O, in the 
presence of the protein at neutrality. In all three 
methods unbound iodine was removed by dialysis 
in the cold against inactive iodide and then against 
changes of phosphate—saline. Additional features of 
difference in the three methods concern the number 
of iodine atoms finally bound to each molecule of 
protein, the temperature of the reaction mixture and 
the concentration of protein init. Arising out of ex- 
perience with these methods a fourth one is described 
which is based on jet injection of free iodine into the 
protein in glycine buffer at pH 9-3, followed by re- 
moval of unbound iodine and rapid re-establishment 
of a less alkaline pH by ion exchange. 

A detailed investigation of the behaviour of jet- 
iodinated rabbit proteins in the rabbit is described 
in a following paper (Cohen, Holloway, Matthews & 
McFarlane, 1956). 


EXPERIMENTAL 


Materials 


4C.Albumin and globulin. These were prepared by 
sodium sulphate fractionation of dialysed plasma taken at 
18 hr. from a rabbit which received 3 mc of “C-Chlorella 
protein by stomach tube. Full details are given elsewhere 
(Dovey et al. 1954). The plasma was dialysed against a 
solution of carrier amino acids to dilute any labelled amino 
acids present. The albumin contained some «- and f- 
globulins, and traces of these were also present in the 
globulin fraction. 

Salt-precipitated albumin and globulin. These were pre- 
pared by precipitating globulin from diluted normal rabbit 
serum by addition of 27% (w/v) Na,SO, to make a final 
concentration of 18%. The supernatant was dialysed until 
free of salt and then against 0-65 % NaCl buffered to pH 7-5 
with phosphate. The globulin precipitate was redissolved 
and again precipitated at 16% (w/v) Na,SO,. The protein 
was dialysed until salt-free and finally against buffered 
0-9% NaCl. It contained traces of «- and £-globulins but 
no albumin. 

Methanol-precipitated albumin. The method of Pillemer & 
Hutchinson (1945) was used. Normal rabbit serum (2 ml.) 
and 1 ml. of acetate buffer (72 ml. of M acetic acid + 12 ml. 
of N-NaOH made up to 1 1.) were mixed and cooled to 0°; 
7 ml. of methanol solution (607 ml. of methanol + 393 ml. 
of water, cooled to 0° and made up to 1 1. with methanol) 
was added slowly with gentle stirring. During this addition 
the temperature fell to — 5° and the mixture was allowed to 
stand at this temperature for 0-5 hr. and then centrifuged 
at -—5°. The supernatant was dialysed against several 
changes of 0-9% m NaCl and then water for 3 days at 0 
and then freeze-dried. Electrophoretical.y the product 
contained 98 % of albumin. 


Methods 
Fractionation of plasma and serum samples. 
plasma samples were diluted with 2 vol. of 0-9% NaCl and 
adjusted to 10% (w/v) concentration of Na,SO,. Fibrino- 
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gen precipitates were discarded and subsequently plasma 
and serum samples were treated alike, i.e. globulins were 
precipitated and reprecipitated at 18% and the first 
supernatants were taken to contain albumins of sufficient 
purity. Both fractions had broadly similar electrophoretic 
compositions to the C-albumin and “C-globulin described 
above, and no claim for homogeneity is made. For scintil- 
lation counting the globulin precipitates were dissolved in 
water and the albumins were precipitated from their 
supernatants by addition of trichloroacetic acid (TCA) to 
make 5% and the precipitates dissolved in the minimum 
of n-NaOH. When the samples were subsequently to be 
assayed for radiocarbon the use of TCA was avoided, and 
both albumins and globulins were heat-coagulated in the 
presence of dilute acetic acid and washed with water until 
salt-free. 
Isotope assays 


1311 Samples. These were counted in solution by scintilla- 
tion measurement of their y-radiation in a hollow Nal 
crystal. The solutions (or measured fractions) were then 
used for measurement of protein concentration by the 
biuret method of Gornall, Bardawill & David (1949). Both 
measurements were accurate to +2%. 

4C. Samples. These were converted into CO, by combustion 
and assayed in the gas phase by the technique of Bradley, 
Holloway & McFarlane (1954). All specific radioactivities 
of samples were corrected for the total volume of plasma 
withdrawn before the sample in question (cf. Humphrey & 


McFarlane, 1954). 


Technique of iodination 


H,O,-lodinations. ™“C-Rabbit-globulin (236 mg.) in 
4ml. of saline buffered to pH 7-5 was used. Carrier-free 
radioactive iodide (Harwell, [BSI) (6 mc) in 0-70 ml. was 
added dropwise with stirring, followed by 0-15 ml. of H,O, 
(British Drug Houses, 100 vol. %) to liberate iodine. In 
the same way 213 mg. of “(-albumin in 3 ml. received 
2-5 mc of iodine in 0-30 ml., followed by 0-15 ml. of H,O,. 





Both mixtures were then incubated at 37° for 1-5 hr. and 
dialysed in the cold for 24hr. against 21. of sodium 
phosphate buffer, pH 7-2, ionic strength 0-02, containing 
09% NaCl and 0-5% KI and then against changes of the 
same saline phosphate buffer but without KI until iodide- 
free. Of the activity used 24% was bound to protein 
in the case of albumin and slightly less in the case of 
globulin. 

Bicarbonate iodination. This followed the general pro- 
cedure of Hughes & Straessle (1950). To 200 mg. of salt- 
precipitated globulin in 2 ml. of sodium phosphate buffer, 
pH 7-2, ionic strength 0-02, containing 0-9% NaCl was 
added 0-3 ml. of a carbonate—bicarbonate buffer prepared 
by dissolving 10-6 g. of Na,CO, and 2-8 g. of NaHCO, in 
50 ml. of warm water (final pH 9-9). To 15-4 mc of carrier- 
free radio-iodide in 0-76 ml. of water was added 0-1 ml. of 
a solution containing 0-54 mg. of KI and 0-54 mg. of KIO,, 
followed by 1 drop of N-HCl. This liberated approximately 
0-5 mg. of free iodine, and the suspension was then added 
dropwise with vigorous stirring to the globulin solution. 
A further dropwise addition of 0-5 mg. of carrier iodine 
was then made and the mixture incubated at 37° for 2 hr. 
Dialysis followed in the cold as described for H,O,-iodina- 
tion. Of the activity used 18% was bound to globulin. 
A small precipitate was ciscarded after dialysis. 
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Ammoniacal iodination. This was carried out as described 
by Francis et al. (1951). Rabbit oxalate plasma (2 ml.) 
containing 100mg. of protein received 0-4 ml. of 5yn- 
NH,OH. To 500 uc of carrier-free radio-iodide in 0-04 ml. 
of water was added 1-2 ml. of a solution containing 2 mg. 
of KI and 1 mg. of KIO, followed by 2 drops of n-HCl to 
liberate 1-85 mg. of iodine. The suspension was then added 
dropwise with vigorous stirring to the protein solution. 
After 30 min. the pH was brought back to 7-5 by careful 
addition of acetic acid and the solution was then dialysed 
as described above. Again a small precipitate was dis- 
carded after dialysis. Of the activity used 25% was bound 
to albumin and 6% to globulin. Assuming that carrier 
iodine distributes itself in the ratio of the activities, this 
means that albumin was iodinated at 3 and globulin at 
4-5 atoms per molecule. 


Jet iodination 


Solutions. To 3 ml. of oxalate plasma or protein solution 
containing approximately 200 mg. of protein was added 
1-5 ml. of a glycine buffer prepared by dissolving 0-6 g. of 
glycine in 8 ml. of 5-85 % (w/v) sodium chloride and adding 
2-0 ml. of n-NaOH (pH 9-3). To any desired amount of 
sarrier-free 1°1[-iodide was added 0-1 ml. of a solution con- 
taining 0-40 mg. of Nal and 0-15 mg. of NalO, and the 
volume made up to 1-0 ml. with water. Immediately 
before jet mixing the iodine was liberated by adding one 
drop of n-HCl and the suspension quickly sucked into the 
smaller of the two burettes (cf. Fig. 1). 

Burette system. This consists of a 2ml. and a 10 ml. 
graduated Pyrex burette joined together through concentric 
delivery jets. The diameters of the jets given in Fig. 1 were 
arrived at by trial so that the inner one with 10 lb. positive 
pressure delivered 2 ml. of water in 10 sec. while the outer 
one with 5 lb. negative pressure required 1-2 sec. hore to 
suck up 10 ml. of water. In addition, it was necessary to 
find by trial (using a coloured solution in the smaller 
burette and water in the bottle under the jet) the maximum 
permissible gap between the tip of the burette and the 
bottom of the bottle such that jet mixing at these pressures 
was confined entirely to the microchamber inside and 
immediately under the tip of the burette. If the gap is too 
large coloured solution escapes into the water in the bottle 
and if it is too small the passage of water up into the large 
burette is impeded. Once this gap was established for a 
particular burette mechanical arrangements were easily 
made so that the bottle could be replaced reproducibly. 

Amberlite column. Amberlite IR 4B anion-exchange resin 
was prepared in bulk by washing with n-NaOH, followed 
by water, and was then stored in N-HCl. The column 
volume was 1-4 ml. and height 6 em. and contained approxi- 
mately 1-5 g. (dry wt.) of resin supported on a loose plug of 
glass wool. Approx. 500 ml. of 0-9% NaCl was sucked 
through the resin, followed by 20 ml. of a histidine buffer 
prepared by dissolving 2 g. of histidine monohydrochloride 
in 95 ml. of water and adding 9-2 ml. of N-NaOH (pH 6-5). 
Finally, at least 100 ml. of 0-9% NaCl was passed through. 

Procedure. After the free iodine solution had been gently 
sucked up into the smaller burette the tip of the burette 
was rinsed with water and the bottle containing the protein 
solution placed in position. With reservoir pressures 
adjusted to +10 and —5|b./sq.in. the two burette taps 
were turned in one operation so that pressure and suction 
were applied simultaneously. The yellow iodine colour 
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disappeared in the tip of the burette as both solutions were 
transferred in the course of 10 sec. to the larger burette. 
The iodine burette emptied just before the last of the 
protein solution left the bottle. The taps were quickly 
closed again in one operation, some air being unavoidably 
sucked into the larger burette. The bottle was now changed 
for one containing 0-5 ml. of a 1-75 % (w/v) solution of Nal 
and the iodinated protein solution discharged into this and 
then sucked back up into the burette. With the help of the 
glass and rubber connector shown the protein solution was 
now transferred drop by drop to the resin column through 
which it passed as a relatively sharp boundary. In the first 
6 ml. to be collected 90% of the protein was recovered. 
The effluent had a pH of 6-5—7-0 and was sufficiently near to 
isotonicity to be ready for intravenous injection. With 
rabbit albumin, globulin and whole plasma 25-30 % of the 
activity used was bound to protein. Less than 1-5 % of the 
activity in the final solution was present in the supernatant 
after precipitating the proteins with 5% TCA in the cold. 

Animal experiments. Male sandylop rabbits (2-5- 
3:5 kg.), bred at the National Institute for Medical Re- 


search, were used. In all cases the animals received Nal in 


the drinking water (100 mg./l.) for 3 days before the start of 


the experiment and throughout its course. Injections were 
made directly into the marginal ear vein, usually not more 
than 3 ml. of an isotonic neutral protein solution containing 
approx. 100uc. The first blood samples (2-3 ml.) were 
taken at 2 min. from the opposite ear into heparin, and 
subsequent samples at 1—-3-day intervals. 

In the experiments with bicarbonate-iodinated globulin 
rabbit 87 received 2-0 mc and the control rabbit (86) 
200 wc. After 65 hr. 10 ml. of blood were taken from 87 and 
also from a normal rabbit (88) and each sample was in- 
jected into the other animal. 


RESULTS 


The curves for 4C-albumin and -globulin in Fig. 2a 
are typical of many which have been obtained and 


which are assumed to represent the behaviour of 


the rabbits own unlabelled proteins. More detailed 
consideration of these curves is given in the next 
paper (Cohen et al. 1956). The intercept at 0 hr. 
obtained by extrapolating the linear portion of 
each curve represents a hypothetical specific 
activity of the injected labelled plasma protein, 
assuming it to have been instantaneously diluted 
by all uniabelled protein of the same kind in the 
plasma and extracellular fluid of the recipient. 
This value, expressed as an inverse fraction of the 
initial specific activity, is defined as the distribution 
ratio, and is taken to represent the ratio of the mass 
of the particular protein in intra- and extra- 
vascular compartments to the circulating mass of 
the same protein (ef. Sterling, 1951). 

The specific activities of the plasma proteins 


decayed with almost perfect exponential linearity 
over the period 3-26 days. The half-life of albumin 
(190 hr.) is equivalent to an elimination (or replace- 
ment) rate of 8-8% per day, and of globulin 
(148 hr.) to a replacement rate of 11-2% per day. 
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Theoretically the distribution ratio and _ the 
elimination rate should be sufficient to define the 
curve, excepting its precise course in the first 
2-3 days during which time lymph/plasma 
equilibrium is being established. In practice, as 
will be explained later, a third parameter has been 


found useful, the Sj) value, i.e. the protein specific 


100 





50 


30 
100 


50 


Counts/min./mg. of protein 


12723456769 12 14 06 18 
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Fig. 2. Behaviour of “C- and ™!I-proteins labelled by 
various procedures and injected into rabbits. 


activity in the plasma at an arbitrary time (100 hr.) 
expressed as a percentage of the initial value. For 
rabbit “C-albumin in this experiment the Sj, value 
is 28-5 % and for globulin 22 % (cf. Table 1). 

A notable change is apparent in the behaviour 
of the same “C-proteins after iodination in the 
presence of H,O, (Fig. 2b). The two labels behave in 
the same way as is to be expected of isotopes 
firmly bound to the same molecules, and the 
protein half-lives are not significantly altered. The 
distribution ratios, however, are much _ larger 
(5:5 and 4-4) and the Sj, values are only 12-13% 
(ef. Table 1). It is evident that the second animal 
has recognized about half the iodinated protein as 
altered and has removed it from its plasma in the 





1956 


A. 8. McFARLANE 


140 





9g “BIW 





Dg “SI 


rae | 


DZ ‘BIA 


VIUIDIOJOY 


8Z 
od 


8é 


6z 
GFZ 





{0-6 
10-6 


ail 
oS 
ome 





\ 9% 
(%) 


00T cy 


19 168 19 
AON 











PEG 


tg 





oye 
WOTyNq1a4SI(] 





SFI 

061 

(‘2y) 
FT FPH 


*4x0q 908 00T 





SFT) 
Tet 
9FT 


16 
06 
68 


6&1 


O&T 


i 
we 


= 
~~ 
——— 


‘ou 
4qiqqea 
quotdroyy 


puv O1781 UOTYNGLIASIp JO UOTZIUYOp pUR oFI]-J[VY JO UOTPRINOTRO . 


oyt]10q We 


9} [oq Ure 


opTp1oq ure 


OFT [tog We 


94I[1eq We 





JUNTUY ROI} [RUOTFIPPY 


C0 

uumjoo | ¢ 9 
UB TBN Joes = 
pus T®N Joey) C.0 


uumnjoo |} ¢ 0 


uumyoo 9 

pure [VN Jona 9 
uuwinyjoo { I-¢-0 

pure TWN doris | T 
uuinjoo 





pues TeN Jolie) { Cy 





sXep ¢ sIsd[RIc] 1 ¢ 


skep ¢ SIsATRIq] I 


SIsATRIC] 


uteqoud 

jo ojou 

/punoqg 

OUuTpoT 
jo swoyy 





€-6 Hd ye royNg 


auTDA]S UT UOTZRUTPOT-Jor 


€-6 Hd ye azseyng 
oUIOATS UT UOTZeUTpOT-yor 


€-6 Hd ye 
Joyng ourod]s ut vuseyd 
O7B[VXO JO UOTZVUIPOT-Jor 


€-6 Hd ye 
Joynqg ouroAys ut euseyd 
97e[VxXO jo UOTPVUTPOT-Jol* 


¢-6 Hd ye 
Joyng ouroA]S ut vurseyd 
OFL[VXO JO UOTZVUTIPOT-Jor 





HO'HN- 
ur vuseid o7e[exGQ 


OL Hd 48 azoynqg 
oPVUOGIVOIG UT UOTZBUTPOT 


c-. Wd ye %0Q*% FH Sutsn 


‘uljnqo]s- pue urumnaye 
~Opr JO UOTZRUTpOT oyvARdag 


Splov OUTUIR-D,, SUIpPIeg 


SurppoqRy JO poysoyy 





Ri 


s7iqqns o7ur Uorysalur sazfo suraj0Ld paz]}2QD]-Tiey PUY -Oyr SNODA JO Mnolamya_ ‘TT 9]qBI, 


(uo1geU0T}0RI} 
jouvyjout pjoo Aq 
poredoid) uring ¥-Trer 


(uotevuorqoelz yyes Aq 
poredoad) uTuing]¥-Tret 


UI[NGO[3-Trer 
pue UlWINg[Y¥-Tret 


UT[NGO[S-[pe¢ PUL 
UIWING]V-Tzpq UBTUN FY 


UI[NGO]3-T rer 
pue UNG T¥-Tret 


UI[NGO[3-Trer 
pure UIUING|¥-Tret 


LE yqqeRa ULoIT 
Aevp pig ye vuse[d 


UlNGOTD)-Tret 


; Ul[NG O[S-Tret- Opt 
pue UlwNg{y-TrerOr 


a a 
| UT[NGO[S-Trer Ort 


. pueR UNV -TrerOer 
UINGO[S-Ypr 
pue UIUING TY -Der 


poqoolur 
sureyoid 4Iqqey 








} 
7 


Vol. 62 


first 3-4 days. This applied both to albumin and 
globulin. The labelled molecules which remain after 
this time are also eliminated more rapidly than the 
uniodinated C-molecules. With ammoniacal iodi- 
nation (Fig. 2d) the effect was also apparent in 
both but was more marked in the case of globulin 
(Sign9> 6°9%). Iodination in bicarbonate buffer at 
pH 10-0 was carried out on globulin alone with 
results (Fig. 2c and Table 1) which showed almost 
haif of this protein to be changed. Unusually high 


Counts/min./mg. of protein 





1234567890 22 
Time (days) 


Behaviour of jet-iodinated proteins in the rabbit. 


Fig. 3. 


radioactivity was given to this globulin (but 
maintaining the same low molar ratio of iodine to 
protein) so that it was possible to transfer a small 
amount of plasma from the recipient animal at 
2:5 days to a second recipient and to follow the 
plasma activities in the latter for another 11 days. 
The curve obtained (Fig. 2c) shows the grossly 
altered part of the labelled protein to have been 
effectively screened out by the first rabbit. 

Fig. 3a shows specific activities of albumin and 
globulin obtained by salt-precipitation of serial 
plasma samples from a rabbit which received jet- 
iodinated normal rabbit plasma. Numerous experi- 
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ments of this kind have been done on normal 
rabbits (Cohen et al. 1956), and analysis of the 
results shows a variation of + 20 % both for "I and 
MC proteins. Within the limits of this variation it 
can be said that iodinated and !C-labelled albumins 
and globulins behave in the same general way. If 
there are significant differences they are in the 
direction of slightly longer half-lives and lower 
distribution ratios for the iodinated proteins. 
Human albumin iodinated by the same process 
gave a similar kind of curve for 10-11 days after 
injection into a rabbit. Subsequently, a sudden 
disappearance of activity from the plasma occurred 
analogous to that observed by Talmage et al. 
(1951) and also by Gitlin et al. (1951), who injected 
iodinated bovine y-globulin and albumin into 
rabbits. These authors associate the effect with the 
appearance of circulating antibodies. 

In order to study the effect of a higher degree of 
substitution of iodine in the protein molecule, 
rabbit albumin and globulin were jet-iodinated at 
6 atoms per mole. The result (Fig. 3) leaves no 
doubt that above a certain level of substitution by 
this method also iodinated albumins and globulins 
are for the most part unacceptable. At 100 hr. the 
plasma protein specific activities were 9% of the 
initial values. Finally, specific comparison of jet- 
iodinated albumins prepared by salt precipitation 
on the one hand and by low-temperature methanol 
fractionation on the other showed that, whereas the 
distribution ratios and 100 hr. specific activities 
are the same, the elimination of methanol-treated 
albumin is appreciably faster. 


DISCUSSION 


Many of the results of these experiments must be 
regarded mainly as suggestive. This arises from the 
small number of experiments performed and the 
degree of individual variation in rabbits, which is 
considered in greater detail elsewhere (Cohen e¢ al. 
1956). It would obviously have been much more 
satisfactory to compare @C- and !1[-plasma pro- 
tein behaviour in all cases in the same rabbits, but 
this was precluded on grounds of expense and 
additional work involved. 

Since the various methods of iodination 
here differed from each other in numerous ways the 
broad results of their comparison unfortunately 
provide little help in diagnosing which, if any, are 
the more deleterious steps in a particular procedure. 
It has been found convenient here to attach de- 
methods, e.g. 


used 


scriptive terms to the different 
ammoniacal iodination, without 
implying that the term relates to any critical agent 
or step in the procedure. However, one fact which 
appears to be clear is that the incorporation of as 
many as 6 atoms of iodine into one molecule of 


knowing or 
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rabbit albumin or globulin has an adverse effect on 
the acceptability of these proteins by the rabbit. 
This contrasts with claims to the effect that pro- 
teins labelled to this extent are still useful bio- 
logical indicators (cf. Francis et al. 1951). Since the 
rejection of a large part of the protein by the 
recipient animal takes place inside a few days it is 
unlikely that immunity plays any important part 
in the process. 

The marked effect of iodination at 6 atoms per 
mole raises the question whether it is feasible to 
bind iodine to plasma protein molecules at any 
lower level without in some way affecting the 
properties of the proteins. While it is considered 
unlikely that iodinated molecules are ever broken 
down precisely as are uniodinated ones, the 
evidence submitted here suggests that iodine- 
labelled molecules can be prepared in such a way 
that they are retained as long in the plasma and 
lymph as unlabelled ones and therefore in a re- 
stricted field they are useful biological indicators. 

Of the of treatment to which 
plasma proteins have been subjected in this study 
none have been observed which diminish their 
elimination rate, and the view is therefore ten- 
tatively held that the longer a labelled protein 
survives in the blood of an animal the nearer it 


various forms 


approximates in behaviour to the animal’s own 
unlabelled proteins. 

The jet-iodination process described here appears 
to provide a useful material. The grounds for using 
the jet principle is the assumption that iodination 
is almost instantaneous. This is suggested by the 
immediate disappearance of the yellow colour of 
free iodine in contact with alkaline protein solu- 
tions and by the fact that more than half the 
maximum proportion of iodine that it is theoretic- 
ally possible to bind (50%) is firmly associated 
with the protein in the few seconds which elapse 
between mixing and adding the carrier iodide at 
room temperature. Whether alternative mech- 
anical methods of mixing are adequate has not been 
investigated. The jet arrangement lends itself to 
remote control, to the maintenance of cleanliness 
and sterility, and one such remotely operated jet or 
burette is desirable in any case for dispensing 
radio-iodine in the quantities normally handled for 
this purpose. 

The use of pH 9-3 was indicated largely by the 
results of Hughes & Straessle (1950) which show 
that at lower pH values the efficiency of iodination 
is reduced and a higher proportion of the iodine is 
used for side reactions. Above pH 9-5 efficiency 
again falls because of appreciable reaction of iodine 
with hydroxy! ions to form [- and IO,°, but the 
important consideration here appears to be the 
onset of alkaline denaturation. A major considera- 
tion in designing the process has been to limit the 
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period at this pH to a matter of minutes. In addi- 
tion, since denaturation proceeds faster in more 
dilute protein solutions, the protein concentration 
at mixing has been kept at a minimum value of 
3g./100 ml. Since it is equally undesirable to 
allow the pH to become acid the amberlite column 
has been stabilized with a histidine buffer at pH 6-5 
at the suggestion of Dr A. J. P. Martin. 

Several alternative methods of liberating radio- 
active iodine from iodide presented themselves. The 
evidence here is against the use of H,O, or other 
oxidizing agents in the presence of plasma proteins 
on the grounds that they may alter the proteins. 
Furthermore, a high concentration of iodide is 
necessary to keep iodine in aqueous solution, and 
the presence of iodide in the iodination mixture 
reduces the proportion of radioactivity bound to 
protein. Thus Latta (1951) used 1:2ml. of a 
0-94M-I, solution in 1-33M potassium iodide to 
iodinate 50 g. of globulin to 7-8 atoms of iodine per 
molecule. To iodinate 100 mg. quantities of protein 
at fewer atoms per molecule requires the use of 
volumes of iodine solution too small to handle. In 
addition, radioactive iodine readily gets into the 
atmosphere from a concentrated solution of I, in 
iodide. We have found it preferable to prepare a 
stock solution of sodium iodide and sodium iodate 
in the proportions required by the equation 
5HI+ HIO,= 31,+3H,O and to take volumes of it 
containing iodine equivalent to 3 atoms per mole 
of the protein to be iodinated. Carrier-free !"1- 
iodide is added to the stock solution and the iodine 
liberated by addition of one drop of N-HCl immedi- 
ately before mixing with the protein solution. 

The use of an ion-exchange resin for removing 
uncombined 1. is not new, and according to 
Sterling (1951) is the method employed by Abbott 
Laboratories, North Chicago, Illinois, in the com- 
mercial production of iodinated human albumin. 
If an excess of inactive is added after 
mixing, not more than 1-5% of the total protein- 
bound radioactivity appears in the supernatant 
after cold precipitation with 10% trichloroacetic 
acid. All anions are exchanged for chloride in 
passing through the column and the amount of 
inactive iodide added beforehand may be suitably 
chosen so that the plasma protein solution emerging 
from the column is isotonic and ready for intra- 
Heparin plasma clots in the 


iodide 


venous injection. 
column, but oxalate plasma emerges free of oxalate 
and will not clot unless calcium is added. 

The possibility that some surface denaturation 
takes place in the resin column cannot be excluded, 
especially since about 5% plasma protein is 
retained in the resin. The nature of the protein 
retained has not been investigated. In principle, 
dialysis in the cold against inactive iodide followed 


by buffered saline appears to be free of any possible 
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objections, but is time-consuming and difficult to 
carry out in sterile conditions. We have not found 
any evidence that a better product results. 

The results given in Table 1 and Fig. 3 suggest 
that, when proteins are separately iodinated, 
preliminary contact with alcohol even in the cold 
should be avoided. Methanol-treated albumins 
behave identically with salt-treated ones so far as 
their passage out of the plasma into the extra- 
vascular space is concerned, but ultimately appear 
to be more rapidly broken down. Dixon e¢ al. 
(1952)- record a similar effect of contact with 
methanol in accelerating the elimination rate of 
iodinated rabbit globulin in the rabbit. This 
behaviour is in contrast with that of over-iodinated 
or H,O,-treated albumins which contain a high 
proportion of molecules which are rapidly with- 
drawn from the plasma for special treatment. 


SUMMARY 


1. Rabbit plasma proteins have been iodinated 
with ™1[ by using several procedures, and their 
behaviour in the rabbit is compared with that of 
4C-labelled plasma proteins. 

2. In nearly all cases the iodinated proteins 
were eliminated more rapidly. Some treatments, 
and especially those in which iodine was substi- 
tuted at 6 or more atoms iodine per molecule pro- 
tein, resulted in a form of denaturation which the 
recipient animals dealt with promptly by rapidly 
removing the altered molecules from the plasma. 

3. In other cases, including preliminary treat- 
ment of albumin with methanol at low temper- 
atures, a more subile change took place which did 
not effect the intra/extra-vascular distribution of 
the protein but accelerated its ultimate metabolic 
breakdown. 

4. A procedure is described for labelling whole 
its separated proteins with ™'I at 


plasma or 
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0-5 atom iodine per molecule protein in such a way 

that albumin and globulin so iodinated behave in the 

rabbit in the same way as the C-labelled proteins. 

The experiments described here have been carried out 
over a period of two years and the author is greatly in- 
debted to numerous colleagues who have helped at 

different times. In particular, thanks are due to G. H. 

Bradley, S. Cohen, G. Hodgson (University of Chile, 

Santiago), J. H. Humphrey, R. C. Holloway and P. R. 

Purser. I am also grateful to D. J. Perkins who kindly 

carried out the low-temperature fractionations of rabbit 

serum, and to Mr D. Hart for constructing numerous trial 
jet-burettes and for the final model. 
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Radioactive iodine probably constitutes the most 
readily available and convenient label for plasma 
proteins. During the past five years it has found 
increasing application in clinical and experimental 
studies of plasma protein distribution and meta- 


bolism. Recently, however, the view that iodine 


* Nuffield Dominion Fellow from the Department of 
Physiology, Witwatersrand University, Johannesburg. 


can be regarded as a reliable plasma protein label in 
metabolic studies has been seriously questioned. 
Berson. Yalow, Schreiber & Post (1953) have 
shown that homologous albumin iodinated by any 
of three different techniques and administered 
to human subjects contains several components 
having different degradation rates. In addition, the 
rate of elimination of separate batches of albumin 
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iodinated by the same method was by no means 
constant in the subjects studied. Comparison of the 
elimination of *S- and !1I-labelled plasma proteins 
has led Volwiler et al. (1954) to conclude that 
iodination denatures the protein sufficiently to 
reduce the life span, a view which is supported by 
the results of Armstrong, McLeod, Wolter & 
Kukral (1954) and Armstrong et al. (1955), using the 
same labels. 

These findings have created considerable doubt 
about the validity of metabolic data obtained 
through the use of iodinated plasma protein. 
However, the observations of McFarlane (1956) 
reveal that the fate of labelled protein molecules 
may be considerably modified by slight alterations 
in the iodination procedure, and he describes a 
method which appears to be reproducible and not 
to change the proteins adversely. In this paper the 
intra- and extra-vascular distribution of I and 
its elimination from plasma and urine following 
administration of homologous and autogenous 
rabbit plasma labelled according to this method will 
be described. The fate of this iodinated material 
will be compared with that of “C-labelled homo- 
plasma protein transfused from donor 
rabbits. Finally, the value of this method of 
iodination in studies of plasma protein metabolism 


logous 


will be assessed. 


EXPERIMENTAL 


Animals. Male sandylop rabbits, weighing between 2-7 
and 3-7 kg., were used throughout. The animals received 
pelleted diet no. 18 (Bruce & Parkes, 1946) and were 
separately housed in metabolism cages which permitted the 
quantitative collection of urine. At least 2 days before 
injection of iodinated plasma protein and throughout the 
subsequent period of observation NaI (100 mg./l.) was 
added to the drinking water. 

Preparation of **1\-labelled plasma protein. All iodinations 
referred to in this work, with the exception of two in 
Table 2, were carried out by the jet-iodination procedure 
described by one of us (McFarlane, 1956). A portion (3 ml.) 
of protein solution containing 150-200 mg. of protein was 
mixed with 1-5 ml. of a buffer made up by dissolving 0-6 g. 
of glycine in 8 ml. of 5-85% (w/v) NaCl and adding 2 ml. 
of n-NaOH. This was done in the cold immediately before 
jet-mixing with 1 ml. of a 0-05°% solution of free iodine 
containing any desired amount of carrier-free 11. The free 
iodine solution was prepared immediately before mixing by 
adding one drop of N-HCI to a solution containing 0-15 mg. 
of NalO, and 0-40 mg. of Nal. Sodium iodide (1-75%, 
0-5 ml.) was then added and the iodinated protein mixture 
transferred to an Amberlite IR4B column previously 
buffered with histidine at pH 6-5 and saturated with NaCl. 
The iodinated protein emerged after a few minutes in a 
volume of approximately 6-0 ml. and was found to contain 
less than 1-5 % of the total radioactivity in the supernatant 
after precipitation of proteins with 10% trichloroacetic 
acid (TCA) in the cold. 20-30% of the radioactivity used 
was bound to protein and, when whole rabbit plasma was 
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iodinated, the counts were found to be distributed as 
follows: albumin, 78%; globulin, 16%; fibrinogen, 6%. 

Preparation of “C-labelled plasma protein. Three rabbits, 
referred to as A, B and C in the text, were labelled with 
4C-Chlorella protein obtained from the Radiochemical 
Centre, Amersham, Bucks. A and B each received 3 mc 
by stomach tube and the plasmas were collected at 17- 
18 hr. Rabbit A was normal and B had been immunized 
with type III pneumococci as described in an earlier 
publication (Dovey, Holloway, Piha, Humphrey & 
McFarlane, 1954). Rabbit C was given intravenously 
amino acid hydrolysate from 1 mc of chlorella protein by 
Dr J. H. Humphrey and the plasma was collected at 4 hr. 
In all cases the plasma proteins were dialysed against a 
solution of carrier amino acids to get rid of any labelled 
amino acids present. Carrier amino acids were prepared by 
hydrolysis of rabbit serum albumin in constant-boiling 
HCl for 36 hr. at 108°. 

Injection of labelled plasma protein. Labelled plasma 
proteins prepared as described above were injected into the 
marginal ear veins of rabbits. Between 0-15 and 0-35 g. 
of plasma protein in 3-0-8-0 ml. was injected. In the 
combined “C and !I experiments the labelled solutions 
were pooled and administered together. In every instance 
the washings from syringe, needle and vessel which con- 
tained the radioactive solution were collected and suitably 
diluted for }*'I counting. The proportion of the measured 
dose which had not been injected was ascertained and the 
amount of administered ™!I- (and “C-)labelled protein 
estimated by difference. 

Blood samples. Two minutes after injection 3-5 ml. of 
blood were withdrawn from the marginal ear vein into 
0-05 ml. of heparin solution (1000 i.u./ml.); similar blood 
samples were collected at intervals of 1-3 days throughout 
the period of observation. 


Preparation of plasma protein samples for counting 


Total plasma protein. After administration of iodinated 
plasma protein the level of unbound I was estimated in 
several plasma samples either after dialysis or thrice- 
repeated precipitation with TCA at a final concentration of 
10% (w/v). In samples analysed the unbound activity did 
not exceed 1-5 % and was usually less than 1 % of the total 
plasma radioactivity. The error involved in using total 
plasma activity as a measure of protein activity was 
therefore regarded as insignificant. 

Samples of plasma (0-2—1-0 ml.) were diluted to suitable 
volume with 0-9% (w/v) NaCl for I counting. Plasma 
protein for “C analysis was subsequently precipitated from 
the same solution by heating after addition of 0-1N acetic 
acid. The precipitated protein was separated by centrifug- 
ing, washed with ethanol-ether (3:1, v/v) and dried before 
combustion. 

Fibrinogen. Samples of plasma (1-3 ml.) were diluted to 
5 ml. with 0-9% NaCl. Fibrinogen was twice precipitated 
by addition of 27 % (w/v) Na,SO, to give a concentration of 
10%. The second precipitate was dissolved in about 15 ml. 
of 0-9% NaCl. Approximately 0-05 ml. of 0-5% (w/v) 
protamine sulphate and 0-05 ml. of 0-5% (w/v) thrombin 
were added, and clotting was induced by incubation at 37° 
for 0-5 hr. The fibrin clot was collected on a glass rod and 
washed in 0-9% NaCl and then in water. Samples for ™1I 
analysis were dissolved in 1 ml. of 1N-NaOH and made up 
with water to the required volume for counting. Fibrin 
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clots for 4C analysis were washed with ethanol-ether (3:1) 
and dried at 37° before combustion. 

Globulin. Globulin was precipitated from the super- 
natant at 10% Na,SO, by addition of 27% aqueous 
Na,SO, to give a final concentration of 18% Na,SO,. The 
precipitate was dissolved in 5 ml. of 0-9% NaCl and re- 
precipitated at 18% Na,SO,. This second precipitate was 
dissolved in a suitable volume of 0-9% NaCl for I 
counting. Globulin for “C analysis was subsequently pre- 
cipitated from the solution by heating with 0-1N acetic 
acid. The precipitate was washed twice with water, once 
with ethanol and finally with ethanol-ether (3:1) and dried 
at 37° before combustion. 

Albumin. A portion of the supernatant at 18% Na,SO, 
was used for I counting. Albumin for “C analysis was 
precipitated from the remainder of this solution and pre- 
pared for combustion as described above for globulin. 

The method of sodium sulphate fractionation described 
above separates rabbit plasma protein into albumin, 
globulin and fibrinogen fractions which contain approxi- 
mately 72, 22 and 6 % of the total protein respectively. The 
use here of the terms albumin and globulin does not imply 
that these fractions are homogeneous. Electrophoretic 
analysis of the globulins showed them to be predominantly 
y-globulin with small amounts of «- and f£-globulin and 
some albumin (+4 % of the total). The albumins contained 
a- and $-globulins comprising 15-20% of the total fraction. 

Protein estimations. These were done on measured 
fractions of the solutions used for '*"I counting according to 
the biuret method of Gornall, Bardawill & David (1949); 
readings were made 30 min. after adding the biuret reagent 
in a Beckman spectrophotometer at 540 mp. 

Urine collection. Samples (24 hr.) were collected at 9 a.m. 
throughout the period of observation. In two rabbits the 
bladder was emptied at the end of each 24 hr. period by 
catheterization and irrigation. 

Urinary creatinine estimations. Urinary creatinine was 
estimated by the colorimetric method of Bosnes & Taussky 
(1945). 





Measurement of radioactivity 


1311-Samples. Solutions were measured by scintillation 
counting, using one of two cylindrical Nal crystals in con- 
junction with an 11-stage electron multiplier. The larger 
crystal (1-5 in. diameter) had a central well to hold 3 ml. in 
a glass tube and measured the y-radiation with an efficiency 
of 33 %. The smaller one (0-75 in. diameter) had an annular 
jacket holding up to 10 ml. of solution and measured the 
y-rays with an efficiency of 7-4%. 

4C.Samples. These were converted into CO, by com- 
bustion and the radiation from the purified gas was 
measured in a cylindrical counting tube with central 
tungsten anode and graphite cathode as described else- 
where (Bradley, Holloway & McFarlane, 1954); the 
efficiency was 75-80%. 

Corrections for sampling. Repeated blood sampling 
results in a cumulative removal of substances which may be 
assumed to be promptly replaced since there was no 
reduction in the plasma protein concentration, haematocrit 
or plasma volume during the course of these experiments. 
The labelled protein removed in the blood sample must 
therefore be replaced by unlabelled molecules, and this 
dilution must effect the decay curve and lead to a false 
estimate of the half-life. 
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The correction for this error is based on the fact that 
injected protein equilibrates in a pool which is taken to be 
equivalent to 2-4 times the plasma volume (approximately 
11% of the body weight). In a rabbit weighing 2-72 kg., 
the plasma protein pool will be equivalent to 300 ml. of 
plasma. Repeated removal of 2 ml. plasma samples after 
the first necessitates correction of sequential specific 
activities by factors of 300/298, 300/296, 300/294, etc. Also 
since the urinary excretion of I is proportional to the 
prevailing specific activity of plasma protein (see later) 
a similar correction is required for the daily ™I urinary 
values. 


RESULTS 
Todine-labelled proteins 


Elimination of intravenously injected 
protein from the plasma 


Total plasma protein. The plasma elimination of 
intravenously injected 1J-labelled protein has 
been followed for periods of 18-32 days in 13 male 
rabbits. Either homologous or autogenous plasma 
obtained from 9 separate iodinations was ad- 
ministered. The results of these experiments are 
summarized in Table 1. 

The form of the plasma protein elimination curve 
was similar in all animals and is illustrated by 
the experiment shown in Fig. 1. The dilution of 
administered label at 2 min. after injection is 
assumed to be due only to intravascular mixing. 
Plasma protein specific activity (counts/min./mg. 
of protein) shows an initial rapid fall which in every 
instance is followed by a more gradual exponential 
decline lasting throughout the period of observa- 
tion (up to 32 days). 

The initial fall in specific activity is attributed to 
the distribution of labelled protein within the total 
exchangeable intra- and extra-vascular plasma 
protein pool. Equilibration is assumed to be com- 
plete when specific activity values fall on the later 
linear portion of the decay curve. On this basis the 
time taken for injected protein molecules to 
equilibrate with the plasma protein pool varied 
from 40 to 100 hr. (mean 66 hr.). The size of the 
total plasma protein pool was estimated from the 
zero time extrapolation value of the exponential 
decay curve, using the principle of isotope dilution. 
In conjunction with protein specific 
activities measured at 2 min. the values obtained 
by extrapolation provide measures of the relative 
masses of intra- and extra-vascular proteins in the 
total exchangeable plasma protein pools. From 
Table 1 it will be seen that the ratio of the total 
plasma protein pool to the intravascular pool (or 
distribution ratio) varied between 1-92 and 2-86 
(mean 2-36). The size of the intravascular pool was 
relatively constant (8-0—-11-4 g.), while the extra- 
showed greater variation (8-7— 


plasma 


vascular pool 


18-9 g.). 
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It is assumed that the slow exponential decay 
results from progressive dilution of labelled by 
unlabelled protein molecules. Since plasma protein 
concentration did not alter significantly during the 
course of these experiments, the exponential decay 
also provides a measure of the rate of plasma 
protein degradation. In each experiment the 
biological half-life of plasma protein was obtained 
graphically from a linear semi-logarithmic plot of 
the slow exponential decay curve. Values varied 
between 170 and 250 hr., the average half-life being 
204 hr. (8-5 days). The fractional turnover rate* 
(% of plasma protein pool/day) is calculated from 
the expression 0-693/t, (days). The turnover rate of 
plasma protein (g./day) is equal to total plasma 
protein pool (g.) x fractional turnover rate/100. In 
the animals investigated 1-51—2-27 g. of plasma 
protein were replaced daily (mean, 1-78 g./day). 

Six rabbits received autogenous plasma protein 
and seven were given homologous plasma protein 
(Table 1). In both groups the form of protein 
elimination curves, time taken for equilibration, 
distribution ratios of labelled material, biological 
half-lives and turnover rates of plasma protein 
were closely similar. It appears therefore that 
homologous and autogenous plasma proteins are 
identical with regard to distribution and metabolism 
in the healthy rabbit. 

Albumin and globulin. The specific activity of 
albumin and globulin has been followed in five 
rabbits after intravenous injection of homologous 
protein obtained from three separate iodinations 
(Table 2). In these animals equilibration of 
albumin occurred within 40—65 hr. and the distribu- 
tion ratio was 2-10—2-84. The biological half-life of 
albumin varied from 185 to 230 hr. (mean 203), 
and the turnover rate was 0-82—1-19 g./day (mean 
0-99 g./day). The albumin specific activity at 
100 hr. expressed as a percentage of the specific 
activity at 2 min. after injection (Sj. value) was 
23-9-33-4 (mean 28-6). 

In two animals equilibration of globulin occurred 
after 65-70 hr., but in the remaining three rabbits 
complete equilibration was not achieved until 
115-140 hr. after administration of labelled protein. 


In all experiments the biological half-life of 


globulin was shorter than that of albumin and 
varied from 140 to 155 hr. (mean 149). The turn- 
over rate of globulin in four rabbits was 0-68- 
1-26 g./day (mean 1:00 g./day) and the specific 
activity of globulin at 100 hr. was 20-0—28-0% 
(mean 24-3 %) of the value at 2 min. after injection. 
In the remaining rabbit (Table 2, Expt. i26) the 
Sio9 Value was 13-5%, the extravascular globulin 
pool was unusually large and the replacement rate 
1-70 g./day. 

* The nomenclature adopted here is that suggested by 
Zilversmit (1955). 
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Peay Table 2. Distribution and elimination of 1*1I-labelled albumin and globulin in rabbits 
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Labelled homologous plasma was administered intravenously in each experiment. Dose of I in Expt. 98 was not 









tein 
‘the determined. For dose administered in remaining experiments and for details of total plasma protein turnover and urinary 
ded 1811 excretion see Table 1. In Expts. 127, 138 and 142 “C-labelled serum was simultaneously injected (see Table 6). 
a For methods of calculating equilibration time, Sj) value, distribution ratio and turnover rate see text. 
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The distribution ratio, pool size, replacement 
rate and Sj) value obtained in two experiments 
using other methods of iodination differed very 
considerably from observed with jet- 
iodinated plasma (Table 2). 

Fibrinogen. The specific activity of fibrinogen 
has been followed in ten rabbits given 11] -labelled 
plasma protein by intravenous injection. The initial 
rapid drop in specific activity was always less 
marked than that observed for albumin and 
globulin (Fig. 2). This difference is illustrated by the 
fact that the distribution ratio for fibrinogen was 
1-00—2-09 (mean 1-42), which is considerably less 
than that observed for total plasma protein, 
albumin or globulin (Tables 1 and 2). The initial fall 
in fibrmogen specific activity was followed by an 
exponential decline which continued throughout 
the period of observation (8-11 days). The bio- 
logical half-lives, which varied from 52 to 75 hr. 
(mean 66), were considerably shorter than those of 
albumin or globulin. In these experiments the dose 
of fibrinogen-bound ™!] was not accurately deter- 
mined and the fibrinogen pool size could not be 
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Fig. 3. 
total protein and fibrinogen after 
iodinated plasma into multiple subcutaneous sites. 


Urinary excretion of ™I 


Ylimination of subcutaneously injectec 
El tion of subcut ly injected 
protein from the plasma 


131] -Labelled plasma protein was administered to 
a rabbit by subcutaneous injection into five sites 
over the ventral surface of the thorax and abdomen. 
From the dose of labelled protein given and assum- 
ing the rabbit to have an exchangeable plasma 
22 g., the hypothetical specific 


protein pool of 22 g., 
instantaneous 


activity following complete and 
equilibration is estimated to be 920 counts/min./ 
mg. protein. From Fig. 3 it is seen that the radio- 
activity of the recipient’s plasma protein rose 
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sharply during the initial 24 hr. after injection, at 
which time the specific activity was 782 counts/ 
min./mg. protein. The specific activity remained 
stable for the ensuing 100 hr., and thereafter showed 
an exponential rate of decline throughout a further 
600 hr. of observation. The biological half-life 
estimated from this portion of the decay curve was 
205 hr. 

At 4hr. after injection the specific activity of 
fibrinogen was 70% of the total plasma protein 
value. The maximum specific activity of fibrinogen 
observed at 24hr. was only 10% of the total 
plasma protein specific activity at the same time. 
The subsequent elimination of plasma fibrinogen 
followed an exponential curve with a half-life of 


88 hr. 


Urinary excretion of * I after the 
injection of labelled protein 

The daily urinary excretion of 111 has been 
estimated for periods of up to 4 weeks in thirteen 
rabbits injected with labelled plasma protein. The 
pattern of excretion was similar in all animals, and 
is illustrated by the experiment shown in Fig. 1. 

The elimination of !I was somewhat irregular 
during successive 24 hr. periods, but in general 
showed a progressive decline during the course of 
the experiment. In two rabbits a tenfold increase 
in the sodium iodide content of the drinking water 
10 days after administration of the labelled protein 
did not alter the pattern of !I excretion. The 


irregular daily elimination of ™!I, which was 
observed in all rabbits, was also present in two 
animals subjected to daily catheterization and 


does not, therefore, result from incomplete empty- 
ing of the bladder. Nevertheless, the expression of 
counts eliminated per 24 hr. period in terms of the 
creatinine content of the urine (counts/24 hr./mg. 
creatinine) produces an appreciable smoothing of 
the urinary elimination curve. Moreover, in all 
animals studied excretion of }°!I per 72 hr. period 
showed an exponential decline after about the first 
100 hr. The slope of this elimination curve was 
closely similar to that of the corresponding plasma 
protein decay curve. 

It is evident that after equilibration the renal 
excretion of ™1I considered over 3-day periods is 
proportional to the prevailing plasma protein 
specific activity; this is true whether labelled 
protein is given by intravenous or subcutaneous 
injection (Figs. 1, 3). It was thus possible to obtain 
a measure of the rate of plasma protein degradation 
from the 72 hr. urinary excretion curve, and in 
every instance this corresponded closely with the 
value obtained from plasma figures. Thus, as shown 
in Table 1, the biological half-life of plasma protein 
estimated from plasma specific activity and from 
excretion of 1311 during successive 72 hr. periods, 
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% in any of the twelve 


4 





did not differ by more than 5 
rabbits studied. 

The urinary excretion of ™!I during the initial 
72 hr. was always within 2 % of the value calculated 
on the basis of the dose injected and the exponen- 
tial decay of plasma protein specific activity. On 
the other hand, after injection of jet-iodinated 
pathological human plasma or homologous plasma 
iodinated by other methods, the urinary excretion 
of 1T exceeded the anticipated value during the 


initial 72 hr. by an amount equivalent to 9-18 % of 


the dose (Table 3). 


Table 3. 
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Re-utilization of "1 for plasma protein synthesis 


From the findings presented above it is apparent 
that a small proportion of !*1I removed from the ex- 
changeable protein pool is not immediately excreted 
and can be identified in diffusible form. It is there- 
fore necessary to ascertain whether iodinated com- 
pounds derived from plasma protein breakdown are 
re-utilized in plasma protein synthesis, since such a 
process would affect the plasma protein decay curve. 

The nature of all iodinated compounds derived 
from the breakdown of 1*!I-labelled plasma protein 


Urinary excretion of ™ I during the initial 72 hr. following the 


injection of iodinated plasma protein 


The predicted 1I excretion was calculated from the dose injected and the slow exponential decay rate of plasma protein 


specific activity. 


lodinated plasma injected Expt. no. 


Autogenous: rabbit 107 
113 
114 
115 
Homologous: rabbit 126 
127 
128 
129 
138 
142 
Homologous: rabbit 139 
(over-iodination) 
Homologous: rabbit 130 
(ammcniacal iodination) 
Human myeloma plasma 131 


The results in Table 1 show that 43-50% (mean 
47 %) of the injected 1!I was recovered in the urine 
at the biological half-life estimated from plasma 
protein specific activities. In two rabbits the 
amount of 11 in the body at different times and 
not bound to protein was estimated by multiplying 
the diffusible counts in 1 ml. of whole blood by 
37 % of the body weight in g. (ef. Dixon & Talmage, 
1951). This investigation carried out in Expts. 114 
and 116 showed a retention of 1-1 and 3-9 % of the 
respective doses as unbound ™'!I at the half-life 
of plasma protein. In another rabbit 46-4% of 
injected 181 had been recovered in the urine 8 days 
after injection of labelled protein. At this time 


48-4 % of the dose was present in the exchangeable 
protein pool (11 % of the body weight), 1-2 % in the 
non-protein iodide pool (37 % of the body weight), 
while the thyroid gland contained less than 0-1% 
of the 1!I administered dose. 


Observed 
131T excretion 
(72 hr. x 10®) 


Predicted 
1317 excretion 


(72 hr. x 10°) 


Difference 
as percentage 





(counts/min.) (counts/min.) of dose 
5-95 +1-3 
3-41 <0-1 
5-90 + 1-2 
4-21 —0-2 
3-20 1-4 
2-85 +O-1 
3-26 +13 
2-46 —1-2 
7-50 + 1-7 
8-40 <0-1 
10-62 16-43 18-4 A 
5:99 7°84 +9-1 
3-92 6-17 +13-7 


is not known. However, it appeared feasible to 
investigate the problem of re-utilization by studying 
whether or not plasma protein became labelled by 
iodinated compounds absorbed after digestion of 
orally administered !1I-labelled plasma protein. 
The specific activity of plasma protein following 
intravenous injection of !1I-labelled mono- and 
di-iodotyrosine was also investigated. In these 
experiments labelled plasma was administered to 
unanaesthetized rabbits by stomach tube. Plasma 
proteins were separated from non-protein com- 
ponents of plasma by precipitation with trichloro- 
acetic acid at a concentration of 10%. Results are 
summarized in Table 4, from which it is seen that 
neither iodinated protein 
digestion nor labelled iodotyrosines were incorpor- 
ated to any detectable extent into plasma protein 
synthesized within 40—64 hr. of isotope administra- 
tion. 
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Table 4. Absence of plasma protein labelling after oral administration of iodinated plasma protein 
or intravenous injection of labelled mono- and di-iodotyrosine 


Expt. Dose 
no. Material (pc) 
120 Autogenous plasma protein 106 
(by mouth) 

12] Homologous plasma protein 106 
(by mouth) 

124 131] Mono-iodotyrosine 55 
(intravenous) 

125 131] Di-iodotyrosine 132 


(intravenous) 


Counts/min./mg. of protein 





12 14 16 18 20 


0 2 4 6 8 10 
Days 


Fig. 4. Elimination of }4I- and “C-labelled albumin and 
-globulin administered simultaneously by intravenous 
injection (Expt. 138). 


Iodine- and carbon-labelled proteins 


The elimination of ™1I- and “C-labelled plasma 
proteins has been compared in two series of experi- 
ments. In the first, 4C-labelled plasma protein was 
administered to six rabbits and five of these animals 
received 11]-labelled plasma 9-12 months later. 
The results obtained in the six rabbits which 
received C-labelled protein are summarized in 


Table 5. Four of these experiments have already 


been published (Dovey et al. 1954), but are now 
re-analysed with corrections for blood sampling. 
These rabbits were bled with greater frequency at 
the beginning than at the end of the experiments 
and this produced the previously reported break in 
albumin and globulin decay curves. When correc- 


Time Percentage 
after Plasma of dose 
injection protein Non-protein excreted 
(hr.) (counts/ml.) (counts/ml.) in urine 
2 Nil 10 290 — 
4 Nil 6 000 “= 
16 Nil Nil 88 
40 Nil Nil 92 
2 Nil 12 688 - 
a Nil 6 160 _ 
16 Nil 1 568 85 
64 Nil Nil 106 
4 Nil Nil — 
22 Nil Nil 85 
46 Nil Nil 91 
q Nil 321 — 
22 Nil Nil 86 
46 Nil Nil 92 


tion for blood sampling is made, the form of the 
14C decay curves is closely similar to that described 
above for 1J-labelled plasma and no break is 
apparent (Fig. 4). The distribution ratio of MC- 
labelled globulin was consistently slightly greater 
than that of albumin (Table 5). The biological half- 
life of 4C-albumin was 160-208 hr. (mean 181 hr.) 
and of globulin 140-170 hr. (mean 159 hr.). The 
half-life of C-labelled fibrinogen was 55-85 hr. 
(mean 69 hr.). 

In the subsequent 1*1I experiments on the same 
rabbits, fractionation of plasma protein was not 
performed (Table 5). Since albumin contains about 
80% of the total counts present in ™1J-labelled 
plasma, it is to be anticipated that the decay rate of 
total plasma protein will be similar to that of 
albumin alone. It is apparent from Table 5 that the 
biological half-life of iodinated plasma protein 
(170-215 hr.) was, in general, slightly longer than 
that of C-labelled albumin administered about a 
year earlier (160—208 hr.). The distribution ratio of 
iodinated plasma protein (1-92—2-45) was always 
lower than that of “C-labelled albumin (2-74—3-25). 
The biological half-lives of 4C- and 1™1]-labelled 
fibrinogen were similar in two separate groups of 
rabbits (Tables 1 and 5). 

In a second set of experiments “C- and ™!I- 
labelled homologous proteins were administered 
simultaneously by intravenous injection to three 
rabbits. The results obtained with C are shown in 
Table 6 and the corresponding data for ™1I appear 
in Table 2 (Expts. 127, 138 and 142). In each of 
these animals the equilibration times and biological 
half-lives showed satisfactory agreement for both 
albumin and globulin when estimated with 11I- 
and 14C-labelled protein (Fig. 4). In two rabbits 
(Expts. 127 and 138) albumin and globulin pools 
were slightly larger when measured with MC- 
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labelled protein, the difference being confined tion. A similar degree of variation occurred in four 
mainly to the extravascular pool. As a result of animals injected with the same iodinated plasma, 
this difference in pool size the daily replacement suggesting that the wide range of values is attribut- 
rate of albumin and globulin in Expts. 127 and 138 able to differences among recipient animals rather 
was slightly greater when measured with 4C than than to differences between batches of labelled 
with ™I, In the remaining rabbit (Expt. 142) protein. Previous observations in healthy human 
similar values for pool size and daily replacement subjects (Sterling, 1951) and in animals main- 
rate of albumin and globulin were obtained with tained under physiological conditions (Dixon, 
131T- and C-labelled proteins. Talmage, Maurer & Deichmiller, 1952) have 
revealed similar individual differences in elimina- 
tion rates of transfused proteins. However, this 
variation is small in comparison with the wide 
The elimination rates of 1*1I-labelled plasma pro- differences observed between species (Dixon et al. 
teins and the distribution between intra- and 1952). 

extra-vascular pools varied by about + 20% of the Comparison between ™1!J- and C-labelled pro- 


mean values in the rabbits studied in this investiga- _ teins reveals that closely similar plasma elimination 


DISCUSSION 





Table 5. Distribution and turnover of *1- and “C-labelled plasma proteins in rabbits 


The '![ experiments were performed 9-12 months after the “C experiments. For details concerning donor rabbits see 


text. 





4C-. Albumin 4C-Globulin MC. 131]-Plasma protein 
— —_A—____—— —— W_____-——., Fibrinogen ———’————- 
Rabbit “C-Plasma* Distribution ty Distribution ty 4 Distribution 4 
no. protein ratio (hr.) ratio (hr.) (hr.) ratio (hr.) 
61 1 2-97 160 —_ 170 55 — - 
60 1 3°25 160 — 165 75 1-92 170 
50 2 2-74 190 3-14 165 68 2-18 205 
47 3 3-25 170 3-64 140 65 2-40 185 
DD 3 2-96 208 3-70 157 85 2-45 215 
51 4 200 — ~ - 2-00 202 
Range 2-74-3-25 160-208 3-14-3-70 140-170 55-85 1-92-2-45 170-215 
Mean 3-05 181 3-49 159 69 2-19 195 


* 1, Fresh plasma from donor rabbit B injected immediately after dialysis; 2, fresh plasma from donor rabbit A injected 
immediately after dialysis; 3, plasma from donor rabbit A dialysed, filtered and stored at 3° for 5 weeks prior to injection; 
4, plasma from donor rabbit B. Supernatant at 18% Na,SO, frozen-dried. Dried protein dissolved in saline for injection. 


Table 6. Distribution and turnover of “C-labelled serum proteins in rabbits 


Expt. 127: rabbit received serum from donor rabbit A dialysed, frozen-dried, and stored at room temp. for 15 months 
prior to injection. Expts. 138 and 142: rabbits received fresh serum from donor rabbit C injected immediately after 
dialysis. For details concerning donor rabbits and for methods of calculating equilibration time, Sjo9 value, distribution 
ratio and turnover rate see text. These rabbits were simultaneously injected with 11I-labelled plasma (see Table 2). 


Intra- Extra- 
Equilibration vascular vascular Turnover 
Expt. time Distribution pool pool 4 rate 
no. (hr.) Sree ratio (g-) (g.) (hr.) (g./day) 
MC. Albumin 
127 60 25-2 2-78 4-7 8-3 200 1-08 
138 65 26-5 2-70 4:5 7-7 205 0-99 
142 60 34-4 2-06 5-0 5 190 0-91 
Mean 62 28-7 2-51 4-7 7-1 198 0-99 
Mean !!I for 58 30-9 2-27 4-9 6-2 211 0-87 
these experiments 
4C-Globulin 
127 100 18-5 3-48 3-2 7-9 162 1-14 
138 85 23-5 2-64 3-1 5-1 150 0-91 
142 65 22-8 2-76 3-0 5-2 150 0-91 
Mean 83 21-6 2-96 3-1 6-1 154 0-99 
Mean 11] for 83 24-7 2-78 3-3 5-0 152 0-92 


these experiments 





152 


curves are obtained with the two labels. In both 
instances, equilibration between intra- and extra- 
vascular pools was followed by an exponential rate 
of decay which remained constant during 4 weeks 
of observation. In rabbits which were injected 
with C-labelled protein and received iodinated 
plasma after an interval of 9-12 months, half-lives 
were always slightly longer when measured with 
1317, This difference may have been associated with 
the age of the animals, since a similar discrepancy 
between labels was not consistently observed in 
three rabbits which received 1°1[- and C-plasma 
proteins simultaneously. In these animals the 
average biological half-lives obtained with the two 
labels differed by less than 2% with both albumin 
and globulin. The average half-life of fibrinogen 
estimated with “C and !*1I in two separate groups 
of rabbits agreed within 5%. In general albumin 
was eliminated more slowly than globulin and both 
much more slowly than fibrinogen. 

Equilibration of labelled protein with the total 
exchangeable protein pool was regarded as being 
complete when plasma specific activity values 
attained the constant slope of the slow exponential 
decay curve. Estimated in this way the equilibra- 
tion time of albumin labelled with C or 111 was 
40-65 hr. Individual rabbits showed considerable 
variation in the equilibration times of their globulins 
(65-140 hr.), but results obtained with the two 
labels agreed closely. Similar results have been 
reported with !1[-labelled proteins in man 
(Sterling, 1951; Myant, 1952; Berson et al. 1953). 
lt appears that the overall equilibration time is 
considerably longer than that deduced by Wasser- 
man & Mayerson (1951) from measurements of 
protein specific activity in plasma and thoracic duct 
lymph of dogs. This discrepancy suggests that 
plasma protein molecules do not penetrate all parts 
of the extravascular compartment at a uniform 
rate. Exchange with lymph which eventually 
drains into the thoracic duct appears to be re- 
latively rapid, but expansion into other parts of 
the extravascular space is presumably slower. It is 
of interest in this connexion that in a rabbit which 
received 11!]-labelled plasma by injection into 
multiple subcutaneous sites, equilibration with 
plasma was only complete after about 130 hr. 
Since equilibration may take as long as 6 days, an 
accurate estimate of plasma protein elimination 
rate requires observation for at least 3-4 weeks. 
Where the experimental period is less than 2 weeks 
the estimated elimination rate as pointed out by 
Berson et al. (1953) is likely to be significantly 
faster than that obtained in experiments of longer 
duration. 

When equilibration is complete, the mass of 
plasma protein in the extravascular pool is about 
1-5 times that present in the circulation. In general, 
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the proportion of injected globulin which passes 
into the extravascular pool is slightly greater than 
that of albumin and the distribution ratio of “@C- 
labelled albumin and globulin is slightly greater 
than that of the corresponding iodinated fractions. 
In the case of fibrinogen no comparison between 
labels was made, but it is apparent (Tables 1 and 2) 
that the distribution ratio of iodinated fibrinogen 
was significantly lower than that of albumin or 
globulin. 

In accordance with generally accepted practice 
the plasma protein pool size has been calculated in 
this study by extrapolation of the slow exponential 
decay curve to zero time. This procedure is based 
upon the assumption that, throughout the experi- 
ment, a constant proportion of the labelled protein 
molecules retained in the body is degraded per unit 
time. However, the proportion of labelled mole- 
cules broken down during the period of equilibra- 
tion will be largely dependent upon the relationship 
of sites of plasma protein degradation to the intra- 
and extra-vascular pools. Thus, for example, if 
plasma protein catabolism is confined to molecules 
within the extravascular pool, a relatively low 
proportion of labelled molecules will be broken 
down during the initial hours after intravenous 
injection and extrapolation of the slow exponential 
decay curve to zero time will underestimate the 
actual pool size. Calculation of pool size from the 
ratio of plasma specific activity at a given time to 
the dose retained at the same time avoids this 
error, but cannot be employed for estimating the 
pool size of individual fractions after injecting 
whole plasma. It is apparent that the pool size and 
distribution ratio, as calculated here, may not have 
the same significance for plasma proteins which 
differ in regard to equilibration time and site and 
speed of catabolism; further investigation of this is 
in progress. 

Measurements of pool sizes based upon the 
dilution of “C and }*1I did not differ by more than 
8% in any of the three rabbits which were simul- 
taneously injected with both kinds of labelled 
protein. The evidence suggests that MC tends to 
give slightly higher estimates with the difference 
confined to the extravascular compartment. In- 
jection of pathological human serum or plasma 
iodinated by methods other than the jet procedure 
gave estimates of albumin and globulin pool size 
up to four times as great as those observed with 
jet-iodinated or “C-labelled protein. It has been 
suggested that this error which is recognized to be 
due to the presence of rapidly degraded molecules 
may be avoided by calculating pool sizes from the 
ratio of plasma specific activity at a given time to 
the dose retained at the same time (Myant, 1952; 
Berson et al. 1953; Schwartz, 1955). The validity of 
this procedure is doubtful, however, since it is by 
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no means certain that all denatured molecules 
removed from the exchangeable plasma protein 
pool are promptly catabolized and their ‘attached 
131J is quantitatively excreted. Dixon, Bukantz & 
Dammin (1951) have shown, for example, that 
iodinated y-globulin coupled to diazotized p-amino- 
benzoic acid is rapidly removed from plasma, but 
the attached I is retained in liver, spleen and 
lymph nodes for at least 10 days after administra- 
tion. 

An attempt has been made to detect the presence 
of rapidly catabolized components in the iodinated 
plasma used in this investigation by calculating: 
(a) the specific activity of plasma protein at 100 hr. 
expressed as a percentage of the specific activity at 
2min. after injection (Sj) value); (6b) the differ- 
ence between the observed urinary excretion of 
131] during the initial 72 hr. and the predicted 
excretion (calculated from the dose injected and the 
slow exponential decay rate of plasma protein 
specific activity) expressed as a percentage of the 
dose administered. 

In the case of jet-iodinated material the Sjo5 
values for albumin and globulin were within 5 % of 
those observed with C-labelled serum in the same 
animals. The difference between the observed and 
predicted levels of }*1I urinary excretion during the 
initial 72 hr. was never more than 2 % of the dose. 
Pathological human serum and plasma iodinated 
by other methods gave So) values for albumin and 
globulin considerably below the range observed 
with “C-labelled or jet-iodinated protein, while the 
urinary excretion at 72 hr. exceeded the predicted 
value by an amount equivalent to 9-18 % of the 
dose. 

Only about 16 % of !*'I in jet-iodinated plasma is 
bound to globulin. For this reason the detection of 
rapidly degraded globulins is relatively inefficient 
when whole plasma or serum has been injected. 
Thus, for example, if 10% of injected globulin 
molecules are denatured the globulin Sj) value will 
be about 10% below the expected figure; however, 
the maximum increment in urinary ™!I1 will be 
only 1:6% of the initial dose so that the 72 hr. 
excretion value will remain within the range 
normally observed (Table 3) and differentiation 
between rapidly degraded globulin molecules and 
a true enlargement of the extravascular globulin 
pool will be impossible. The difficulty is illustrated 
by experiment 126 (Tables 2 and 3), in which it 
remains uncertain whether the unusually large 
globulin pool indicates the presence of denatured 
globulin molecules in the injected plasma. It 
appears that this difficulty can be overcome only 
by separate iodination of the globulin fraction. 

Dixon & Talmage (1951) have provided evidence 
which suggests that 1°11 detached during catabolism 
of homologous globulin is rapidly excreted by the 
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rabbit and provides a direct measure of the rate of 
protein degradation. In rabbits used in this investi- 
gation 47 % of the injected }*1I had appeared in the 
urine when 50% of the iodinated protein had been 
eliminated from the exchangeable pool. At this 
time, non-protein bound 1"I retained in the body 
accounted for almost all the remaining 1!I which 
had been detached from labelled protein, and the 
thyroid gland contained less than 0-1% of the 
injected dose. The irregular daily excretion of 1°11 
may have resulted either from variations in renal 
function or from fluctuations in the rate of plasma 
protein catabolism; the former mechanism would 
account for the fact that urinary creatinine and 
131[ values were frequently displaced in the same 
direction. As shown above, the urinary excretion 
of 1. considered over 72 hr. periods showed an 
exponential decline with a half-life corresponding 
closely to that of plasma protein specific activity. 
Such agreement is to be expected in animals under 
physiological conditions. It is apparent, however, 
that the ability to make independent measurements 
of protein replacement and degradation rates by 
means of 181. may be of great value in the investiga- 
tion of factors concerned in the regulation of plasma 
protein metabolism. 

The results of the present investigation differ 
from those of Berson et al. (1953), who observed 
that iodinated albumin administered to human 
subjects contained several components having 
different rates of decay. In addition, the present 
comparison between }1]- and “C-labelled préteins 
contradicts the view put forward by Volwiler et al. 
(1954) and supported by Armstrong eé al. (1954, 
1955) that iodination results in sufficient denatura- 
tion of plasma protein to produce a biological half- 
life shorter than that of protein labelled by bio- 
synthesis. The lack of agreement between results 
reported here and those of other recent investiga- 
tions is probably attributable mainly to differences 
in the technique of iodination; in addition, it is 
possible that the use of pooled protein samples for 
iodination is undesirable in metabolic studies. 


SUMMARY 


1. Jet-iodinated plasma protein has been ad- 
ministered to fourteen adult male rabbits by intra- 
venous injection. The elimination rate of ™!I- 
labelled protein and its distribution between intra- 
and extra-vascular pools showed considerable 
individual variation (+ 20%). This is due more to 
animal variation than to differences between 
batches of labelled protein. Homologous and auto- 
genous plasma proteins were indistinguishable in 
regard to distribution and rate of elimination. 

2. Comparison of the fate of ™I- and C- 
labelled plasma proteins administered to the same 
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animals revealed that (a) equilibration times were 
closely similar, the equilibration of globulin (65— 
140 hr.) being generally slower than that of albumin 
(40-65 hr.). (6) Equilibration was followed by a 
decline in plasma specific activity which main- 
tained a constant exponential rate during 3—4 weeks 
of observation. Biological half-lives of plasma 
proteins were closely similar when measured with 
14C and J. In general, albumin (160-230 hr.) was 
eliminated more slowly than globulin (140-170 hr.) 
and both much more slowly than fibrinogen 
(52-85 hr.). (c) When equilibration was complete, 
the mass of protein in the extravascular compart- 
ment was about one and a half times that in the 
blood stream. Albumin had a lower extra-/intra- 
vascular distribution ratio than globulin, while that 
of fibrinogen was considerably less. The complex 
significance of these ratios is discussed. 

3. The presence of denatured, rapidly eliminated 
components in the injected protein was associated 
with a high urinary output of "I in the first 72 hr. 
and with unusually low plasma specific ‘activity 
values subsequently, the latter giving rise to in- 
correctly high estimates of pool size. 

4. 131] detached from plasma protein was rapidly 
and almost completely excreted in the urine and 
provided an accurate measure of the protein elimi- 
nation rate. There was no detectable re-incorpora- 
tion of #1] into newly synthesized plasma protein. 
Retention of !*1I by the thyroid gland was negligible 
in animals receiving iodide in the drinking water. 

5. It is concluded that rabbit plasma can be 
labelled with radioactive iodine in such a way as to 
provide data concerning the in vivo distribution 
and elimination of albumin and globulin closely 
similar to that obtained with the corresponding 
4C-labelled proteins. 
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The Kinetics of Acid Hydrolysis of Dipeptides 
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Hydrolysis by means of acid is the method most 
generally used for the degradation of proteins. 
Although all the peptide bonds in a protein 
molecule are susceptible to hydrolysis by acid, the 
rate of hydrolysis of a particular bond will depend 
in large measure upon its accessibility to the 
approach of hydrogen ions. Thus it is to be 
expected that the rate of hydrolysis of the different 


* Present address: Department of Biochemistry, Univer- 
sity of Cambridge. 


bonds along a peptide chain will be greatly in- 
fluenced by the electrostatic and steric properties 
of the chain, as well as by the nature of the amino 
acids forming each particular bond. The cumulative 
effects of these and other factors in a long poly- 
peptide chain will vary as hydrolysis proceeds, but 
it seems reasonable to assume, at least as a first 
approximation, that the stability to hydrolysis of 
each bond will depend mainly on the nature of its 
constituent amino acids, in such a way that the 
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relative stabilities of the various bonds can be 
correlated with those of their corresponding di- 
peptides (Synge, 1945). 

Numerous investigators (see Sanger, 1952) have 
studied the rates of hydrolysis of a limited number of 
simple dipeptides, but on the whole the available data 
are fragmentary, and difficult to correlate because 
of the diversity of hydrolytic conditions employed. 

Synge (1945) investigated the rate of hydrolysis 
of a series of simple dipeptides in a mixture of 
equal volumes of 10N-HCl and glacial acetic acid at 
37°; the results showed that, among the peptides 
studied, the most important factor influencing the 
rate of hydrolysis was the effective size of the 
amino acid side chains on either side of the peptide 
bond. Furthermore, this steric effect was found to 
depend not only on the actual size of the side chain 
but also upon its position relative to the bond in 
question. Thus dipeptides containing valine were 
found to be particularly stable, presumably 
because the bulky isopropyl group is close to the 
main peptide chain and effectively retards the 
approach of hydrogen ions over a wide angle. 
Similarly, peptides containing leucine, where the 
isopropyl grouping is further removed from the 
peptide bond, were found to be less stable than the 
corresponding valine peptides, while peptides con- 
taining alanine and glycine, where the steric factors 
are reduced to a minimum, were still more labile. 

It was observed earlier by Levene, Steiger & 
Rothen (1932), in studies of the hydrolysis of di- 
peptides in dilute alkali, that a ‘spreading’ side 
chain confers the greatest stability when it is part 
of the residue which contributes its carboxyl group 
to the peptide bond. Synge (1945) found the same 
relative stabilities to obtain in the case of hydro- 
lysis with acid; thus Val.Gly and Leu.Gly 
respectively were found to be more stable than 
Gly.Val and Gly.Leu. However, according to 
expectation, the most stable bonds have been 
found to be those formed between two ‘stabilizing’ 
residues, as exemplified by Val. Val (Christensen, 
1943) and Leu. Leu (Synge, 1945). 

ln addition to the steric effects described above, 
the presence of charged groups in the neighbour- 
hood of a peptide bond will also affect the approach 
of hydrogen ions. In strong acid solutions carboxyl 
groups are uncharged, but basic groups become 
positively charged and would thus be expected to 
oppose the approach of similarly charged hydrogen 
ions. «-Amino groups are in general closer to the 
peptide backbone than side-chain amino, imidazole, 
and guanidinol groups, so that in tripeptides and 
higher peptides the bonds which are adjacent to 
free a«-NH, groups should be relatively more 


resistant to hydrolysis by acid than bonds that are 
further removed from the charged group. This 
enhanced stability of bonds involving N-terminal 
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residues leads to the accumulation of dipeptides in 
partial hydrolysates of proteins (Gordon, Martin & 
Synge, 1941; Stein, Moore & Bergmann, 1944). The 
effect of positively charged groups on the rate of 
hydrolysis of suitable model dipeptides has not 
been investigated, and in any case it would 
probably be difficult to show any marked effect, 
other than that conferred by the «-NH, group, 
which they would all possess in common. 

Despite the general importance of electrostatic 
and steric effects in determining the course of 
hydrolysis of a protein molecule it is becoming 
increasingly apparent that these are by no means 
the only factors involved. In fact it has already 
been shown that the bonds in a protein that are 
split most rapidly by strong acid are those in- 
volving the amino groups of serine and threonine 
residues (Gordon et al. 1941; Desnuelle & Casal, 
1948). In addition, the specific release of free 
aspartic acid from proteins by hydrolysis with dilute 
acid has been reported by Partridge & Davis (1950) 
and by Blackburn (1950). 

Except for the work of Abderhalden & Bahn 
(1932), where the preferential splitting of bonds 
involving the amino group of serine was used to 
prepare seryl peptides by the selective hydrolysis 
of the corresponding diketopiperazines, and the 
observation by the same authors (1935) that N- 
hippurylserine could be selectively hydrolysed in 
acid to give hippuric acid and serine, no informa- 
tion about the rate of hydrolysis of model peptides 
containing serine is available; nor has there been 
any report of such investigations on peptides 
containing aspartic and glutamic acids. Hitherto, 
studies of this kind have been hampered by the 
unavailability of a representative selection of 
synthetic model peptides. The synthesis of a series 
of dipeptides containing L-serine (Harris & Fruton, 
1951) has now made possible a study of the specific 
effect of N- and C-terminal serine residues on the 
rate of hydrolysis of a peptide bond which is free 
from the other less specific factors introduced 
when a similar bond is part of a larger peptide 
sequence. Dipeptides containing C-terminal as- 
partic acid and glutamic acid have also been 
studied, together with a miscellaneous selection of 
other dipeptides for purposes of comparison. 

In all, the rates of hydrolysis of nineteen di- 
peptides in 2N-HCl at 100° have been investigated. 
Since many of the peptides used were available only 
in small amounts, a micro technique based on the 
ninhydrin procedure of Moore & Stein (1948) has 
been used for measuring the extent of hydrolysis. 
Furthermore, it should be emphasized that con- 
siderations of speed, simplicity and the conserva- 
tion of test substances have to some extent taken 
precedence over the quest for highly precise 
kinetic data. 
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{=X PERIMENTAL 


Materials. The peptides used for this investigation were 
all tested for purity by elementary analysis (C, H, N) and 
by chromatography on paper in at least two different 
solvent systems before and after hydrolysis. The source of 
the peptides, together with their molar colour yields in the 
ninhydrin reaction and R, values in n-butanol-acetic acid— 
water (4:1:5, by vol.) are recorded in Table 1. 

The hydrochloric acid used for hydrolysis was prepared 
from glass-distilled constant-boiling HCl by dilution with 
distilled water. 

Procedure. Approx. 2 mg. of each peptide (weighed to 

l wg.) were dissolved in hydrochloric acid (1-0 ml.; 2N, 
except where otherwise indicated); samples of the peptide 
solution (0-100 ml.) were immediately withdrawn by means 
of a Carlsberg constriction micropipette and sealed in 
individual Pyrex tubes (10 x 45 mm.). The tubes were then 
immersed in a boiling-water bath (99°). At appropriate 
intervals tubes were withdrawn and immediately trans- 
ferred to a Dewar flask containing acetone-solid CO, to 
prevent further hydrolysis. When the last tube had been 
removed from the bath the tubes were opened, the contents 
were neutralized with 2N-NaOH (0-10 ml.) and then diluted 
with 1-0 ml. of water. The extent of hydrolysis was measured 
by analysis of 0-100 ml. samples of the neutralized reaction 
solution according to the ninhydrin procedure of Moore & 
Stein (1948); optical-density measurements were carried 
out with a Coleman spectrophotometer (model 6A) at 
wavelength 570 my. Portions of the neutralized hydrolysis 
solutions were also chromatographed on paper as a check 


Table 1. 
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on the identity and chromatographic purity of the peptides 
under investigation, as noted above. 


RESULTS 
The hydrolysis of a dipeptide in a solution of strong 
acid can be represented as: 


H,N .CH(R,).CO.NH.CHR,.CO,H 
+H,0 > H,N.CHR,.CO,H+H,N.CHR,.CO,H. 


~ 
On this basis, one H,O would be consumed for each 
peptide bond that is hydrolysed. In the presence of 
a large excess of acid the rate of hydrolysis of a 
dipeptide would then be expected to follow the 
kinetics of a first-order reaction. The rate of such a 
reaction is described by the equation 

Ay 


In —- 
a)—a 


=kyt, (1) 
where d, represents the initial concentration of 
dipeptide and a the concentration of dipeptide 
which has been hydrolysed after time ¢. 

Following Schwartz & Engel (1950), who used 
the photometric ninhydrin procedure (Moore & 
Stein, 1948) for the determination of the degree of 
enzymic hydrolysis of synthetic peptides, 

Do=Mpq, Do = (mM, +m) ap, 


and D,,=M (ad) — @) + (mM, + My) a, 


R, values and quantitative data on the hydrolysis of various dipeptides by acid 


The peptides were hydrolysed by heating in 2N-HCl at 99°. In determining the relative colour yield, that given by 
alanine was taken as 1-00. R, values were obtained by descending chromatography on Whatman no. 1 paper, using as 
solvent a mixture of butanol-acetic acid—water (4:1:5, by vol.). The average deviation in the k, values was +0-2 x 10-%. 


Peptide Source* 
Alanylalaninet 
pL-Alanylglycine 
Alanylleucine (A) 
Glycyl-L-alanine 
Glycyl-p-alanine 
Glyeylglycinet 
Glycyl-L-leucine 
Glycyl-L-serine 
Glycyl-L-tyrosine 
Glycyl-L-aspartic acid 
L-Leucyl-L-aspartic acid 
L-Leucyl-L-glutamic acid 
L-Leucylglycine 
L-Leucyl-p-leucine 
L-Prolyl-L-phenylalanine 
L-Seryl-L-alanine 


St rt tem ft tpt i CA IN et 


L-Serylglycine 3 
L-Seryl-L-serine é 
L-Alanyl-L-serine q 


* Sources of peptides: 
1. Emil Fischer peptide collection. We are indebted to Professor H. O. L. Fischer for samples of these peptides. 
2. Obtained through the courtesy of Dr J. P. Greenstein, National Cancer Institute, Bethesda, Md. 
3. J. 1. Harris. Synthesized in part during the tenure of a James Hudson Brown Memorial Fellowship in Professor 
J. 8S. Fruton’s laboratory at Yale University Medical School. 
4. Hoffman—La Roche, Inc., Nutley, N.J. 
+ Optical configuration undetermined. 


{ Hydrolysed also in n-HCl. 


Relative 
ninhydrin 10° ky 
colour yield Rp (mole! min~!) 
1-99 0-39 — 
1-48 0-23 2-4 
1-45 0-60 1-1 
0-87 0-25 1-3 
0-87 0-25 1-4 
1-11 0-16 3-5 
1-05 0-55 1-2 
0-93 0-12 6-4 
1-09 0-37 15 
1-11 0-13 68 
1-29 0-49 3-0 
1-29 0-55 0-8 
0-83 0-52 0-7 
0-83 0-88 0-2 
0-02 0-62 1-0 
1-22 0-28 2-6 
0-76 0-19 1-4 
0-87 0-15 1-4 
1-76 0-19 > 4-08 


§ Approximate value. 
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where D, represents the initial optical density of 
the unhydrolysed peptide, D,, the final optical 
density after complete hydrolysis and D, the 
optical density of a sample drawn from the 
hydrolysis reaction after a time x; m, represents the 
molar colour yield of the unhydrolysed peptide, and 
m, and m, are the molar colour yields of its con- 
stituent amino acids. Thus equation (1) becomes 
~~ > t. (2) 


In ——— =k 


n- obs. 
Bn . 


Table 2. 
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The observed rate constants (k,,,), shown in 
Table 1, may be derived in either of two ways. 
A direct calculation may be carried out with 
equation (2) (see Table 2 for a typical calculation). 


, Dx—D, 
Alternatively, In —2——* may be plotted against 


« x 
time (see Fig. 1), to give a line whose slope equals 
the observed rate constant. The method gives the 
best results when m,+m, ~~ 2m,. As my approaches 
(m,+m,), Dy approaches D,, , and the method loses 


Typical experiment for a pseudo-unimolecular reaction, the hydrolysis 


of glycyl-p-alanine with 2-026N-HCI at 99° 


For significance of symbols see text. 


Time Da — Do 

(min.) D Da —D 
0 0-493 1-00 
50 0-620 1-17 
85 0-683 1-27 
133 0-765 1-44 
190 0-865 1-72 
250 0-943 2-02 
330 1-070 2-84 
450 1-147 3°77 
605 1-222 5-53 

a 1-383 — 


* key = Kore |2-026. 


Table 3. Effect of acid concentration on 
the hydrolysis of glycylglycine 


Acid conen. ee... 10° k,* 
(N) (min.—1) (1. mole! min.-*) 
2-047 7-15 3-49 
7-50 3-66 
1-023 3-78 3-69 
3-46 3-42 


* k,=k,y,,/(acid concentration). 





150 200 250 300 350 
Time (min.) 

Fig. 1. Kinetics of hydrolysis of representative dipeptides 
in 2N-HCl at 99° plotted according to the first-order law. 
OD, Glycyl-t-serine; A, glycylglycine; (J, L-seryl-L- 
alanine; @, L-serylglycine; x, L-leucylglycine. 


0 50 100 


{ The overall average deviation for all the experiments reported was found to be + 


foe 7 10° Kegs 10° k,* 
Da -D (min.—!) (1. mole-! min.-!) 
0-000 em abs 
0-157 3-14 1-54 
0-239 2-82 1-39 
0-365 2-75 1-36 
0-542 2-86 1-41 
0-703 2-81 1-39 
1-044 3-16 1-55 
1-327 2°95 1-46 
1-710 2-83 1-40 

— — Av. 1-44 
5 =0-06 
(4%)t 


30 
8%. 


precision. As shown in Table 1, the molecular 
extinction coefficients of dipeptides vary appreci- 
ably with the nature of the component amino acids. 
Alanyl peptides tend to give unusually high molar 
colour yields; in the case of Ala. Ala, my is approxi- 
mately 2m,,,, and consequently it was not found 
possible to follow the hydrolysis by this procedure. 
For similar reasons, the results obtained with 
Ala.Ser were also difficult to interpret, and con- 
sequently the rate constant recorded in Table | is 
only an approximate value. 

In order to establish first-order dependence of 
the rate of hydrolysis on dipeptide concentration 
under the conditions of hydrolysis employed 
throughout the the investigation, 
apparent rate constants between successive points 
of observation for the hydrolysis of Gly.Ala in 
2-020N-HCl were calculated from appropriate 
optical-density measurements. As shown in Table 2 
the results conform to the kinetics of a pseudo first- 
order reaction at constant acid concentration. 

First-order dependence of the rate of reaction on 
acid concentration was demonstrated when the rate 
of hydrolysis of Gly.Gly was measured at two 
different concentrations of acid (2-047 and 1-023N- 
HCI respectively); as shown in Table 3, the ob- 
served rate constants are directly proportional to 


course of 


acid concentration. 
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DISCUSSION 


The stabilizing effect of a positively charged group 
on the rate of hydrolysis of a neighbouring peptide 
bond has been demonstrated by Lawrence & 
Moore (1951) in a study of the rates of hydrolysis of 
Gly.Gly.Gly and Gly.Gly under identical experi- 
mental conditions. The rate constant for the 
hydrolysis of the first bond to be split in the tri- 
peptide was found to be about 8 times greater than 
the rate constant for the hydrolysis of the same 
bond in the dipeptide molecule. This ratio of 8 
agrees with unpublished work by the present 
authors. 

These results support the view that a peptide 
bond involving the —CO-— group of an N-terminal 
residue is more stable to acid hydrolysis than is the 
same bond when present in the interior of a peptide 
chain, which accounts for the selective accumula- 
tion of dipeptides in partial acid hydrolysates of 
proteins (Gordon et al. 1941; Stein et al. 1944). 

In addition, our results (Table 4) indicate that 
steric effects, which are known to influence the rate 
of hydrolysis of peptide bonds in concentrated acid 
at 37°, also play an important role in determining 
the course of hydrolysis of similar bonds in more 
dilute acid (2N) at 99° (Table 1); furthermore, 


Table 4. Relative rates of hydrolysis of various 
peptides under different conditions 


Relative rate of hydrolysis 
(Gly .Gly = 1-0) 


2wn acid, 100°* 10N acid, 37°F 


Peptide 
Gly .Gly 1-00 1-00 
Gly. Leu 0-40 0-35 
Leu.Gly 0-23 0-20 
Leu. Leu 0-05 0-06 
Gly. Asp 1-94 -— 
Leu. Asp 0-86 — 


* Present investigation. + Synge (1945). 


steric effects are shown to depend on the position 
of the amino acid side chain relative to the bond as 
As shown in Table 4, 
our results are in with those 
obtained by Synge (1945) for the hydrolysis of the 


well as on its effective size. 
close agreement 


same peptides in concentrated acid at 37°. 
As had been expected from earlier observations 


on proteins and long polypeptides (Gordon e¢ al. 
1941; Desnuelle & Casal, 1948), peptide bonds 
involving the amino groups of serine residues (i.e. in 
the present work dipeptides containing C-terminal 
serine) have been found to be significantly more 
labile than the corresponding dipeptides containing 
C-terminal glycine and alanine. N-Terminal serine 
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residues, on the other hand, appear to have a 
stabilizing influence on the adjacent peptide bond. 
Thus, whereas Gly.Ser is five times more labile 
than Gly. Ala, Ser.Gly is twice as stable as Ala. Gly. 
In the case of Ser.Ser the labilizing effect of 
the C-terminal serine residue appears to be com- 
pletely nullified by its N-terminal counterpart 
and Ser.Ser is in fact found to be more stable 
than Ser. Ala. 

The relative stability to hydrolysis of Ser.Ser is 
of particular interest since it may mean that a 
peptide bond formed between two adjacent serine 
residues in a long peptide chain will not exhibit 
the specific lability which has been shown to be 
characteristic of other bonds involving the amino 
group of serine. In this connexion, it is interesting 
to speculate that the postulated shift of the peptide 
chain from the amino to the hydroxyl group of 
serine residues in proteins may not occur in 
Ser.Ser linkages; this could in part explain why 
only 60-70% of the bonds involving the amino 
groups of serine residues in silk fibroin undergo 
rearrangement in the presence of concentrated 
sulphuric acid (Elliott, 1952). 

Although Gly.Ser is hydrolysed five times as 
fast as Gly.Ala in 2N-HCl at 99°, it may be ex- 
pected that the relative difference would be even 
greater in cold concentrated acid, since the speci- 
ficity of hydrolysis of such bonds in polypeptides 
and proteins is known to be much greater in cold 
concentrated acid than in hot dilute acid (Desnuelle 
& Casal, 1948). 

Peptide bonds involving C-terminal aspartic acid 
residues have also been shown to be particularly 
susceptible to hydrolysis in 2N-HClI at 100°. Thus 
Gly.Asp is hydrolysed five to six times as fast as 
Gly.Ala, and Leu. Asp four times as fast as either 
Leu.Gly or Leu.Glu. The labilizing effects of p- 
carboxyl! groups on neighbouring peptide bonds is 
consistent with the finding that aspartic acid is 
released specifically from proteins during hydrolysis 
at 100° with either weak organic acids or dilute 
hydrochloric acid (0-01N). To account for this 
phenomenon it was postulated (Partridge & Davis, 
1950) that carboxyl groups may become negatively 
charged in sufficiently dilute acid, so that they 
attract hydrogen ions and act as proton donors to 
facilitate the hydrolysis of adjacent peptide bonds. 
In the case of Leu.Glu the side-chain carboxyl 
group is too far removed from the peptide chain to 
exert any appreciable labilizing effect. However, it 
is difficult to see how such an explanation can be 
applied to our results, since side-chain carboxy! 
groups would not be expected to carry a signifi- 
cantly negative charge in 2N-HCl. 

While the present investigation was in progress 
Desnuelle & Bonjour (1952) described the influence 
of «-OH, and of «-, B- and y-carboxyl groups, on the 
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rate of hydrolysis of the N-acetyl derivatives of a 
series of model compounds in 0-25m oxalic acid 
at 105°. N-Acetylated molecules containing free 
CO,H groups were found to be more labile than 
non-carboxylic N-acetylated molecules, and the 
labilizing efficiency of the various carboxyl groups 
was found to decrease in the order f-CO,H, 
a-CO,H, y-CO,H, a result which appears to confirm 
the findings of Partridge & Davis (1950). Further- 
more, an «-hydroxyl group was found to exert a 
greater labilizing effect than any of the individual 
carboxyl groups. 

The effect of an «-hydroxyl group, however, in 
strong acid hydrolysis is limited to the hydrolysis 
of bonds involving the amino groups of hydroxy- 
amino acid residues; thus, although peptides con- 
taining N-terminal serine and threonine are un- 
doubtedly released during the early stages of 
hydrolysis of a protein with dilute oxalic, acetic or 
hydrochloric acids, no free serine or threonine is 
formed. With B-carboxy] groups, on the other hand, 
the initial effect, in which bonds involving the 
x-carboxyl groups of aspartic acid residues in 
peptide chains are split, is followed by the subse- 
quent labilization of the adjacent bonds involving 
the amino groups of the C-terminal aspartic acid 
residues formed in the first stage of hydrolysis; in 
this way free aspartic acid is released specifically. 
It is unlikely, however, that all the aspartic acid 
residues in a protein can be released in this way, 
since the ease of hydrolysis will also depend upon 
the nature of the other amino acids forming the 
potentially susceptible bonds. For example, in the 
case of the hexapeptide Ala.Gly. Val. Asp. Ala. Ala, 
released in the ovalbumin > plakalbumin trans- 
formation (Ottesen & Villee, 1951), the —Asp. Ala— 
bond ean be preferentially hydrolysed in 0-1N-HCl 
at 100° (Ottesen & Wollenberger, 1953); in this 
way Ala. Ala is released but no free aspartic acid 
is formed under these conditions, presumably 
because the bond involving its amino group is 
stabilized by being combined with the adjacent 
valine residue. 
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SUMMARY 


1. The velocity constants for the hydrolysis of 
a series of synthetic dipeptides in aqueous 2N-HCl 
at 99° have been determined. 

2. Dipeptides containing C-terminal serine and 
aspartic acid are found to be especially labile, 
whereas peptides containing leucine are observed 
to be particularly resistant to hydrolysis. 

3. The significance of these results in relation to 
the more general problems of acid hydrolysis of 
proteins is discussed. 

The authors are grateful to Professor C. H. Li for his 
kind interest in this work. Acknowledgement is made to 
the National Institutes of Health, the United States 
Public Health Service (G 2907), and Eli Lilly and Co., for 
research grants. 
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In a previous paper (Smellie, Humphrey, Kay & 
Davidson, 1955) we have described experiments on 
the incorporation of radioactive phosphorus (*?P) 
into the nucleic acids of cell nuclei prepared from 
several different rabbit tissues by the usual citric 
acid technique. In such nuclei most of the acid- 
soluble constituents, and probably also some of the 
protein, have been lost during the isolation process. 
This loss can be avoided by using nuclei isolated in 


non-aqueous solvents by the original procedure of 


Behrens (1932, 1938), or by the more recent modi- 
fications of Dounce, Tishkoff, Barnett & Freer 
(1950) and of Allfrey, Stern, Mirsky & Saetren 
(1952). 
in this paper. 


Experiments with such nuclei are described 


EXPERIMENTAL 


Isolation of nuclei from solvents (non- 
aqueous nuclei, NAN). Young albino rabbits were used in 
these experiments and the following modification of the 
procedure of Allfrey ef al. (1952) was employed. It is 
outlined in Fig. 1. 

Immediately after the animal had been killed, the 
tissues required (appendix, thymus, small intestinal 
mucosa, bone marrow and lung) were excised. Whenever 
possible the tissue was immediately cut into a mash with 
scissors, transferred to a wide-mouthed flask with a ground- 
glass neck, frozen in a solid CO,-ethanol mixture and dried 
from the frozen state. Tissues that could not be immediately 
processed were packed in solid CO, and stored’ in a deep- 


non-aqueous 


freeze cabinet. 

The thoroughly dried tissue was weighed and ground to 
a powder in a mortar. Since the weight of dry powder was 
usually not more than 5g., it was found practicable to 
disintegrate the tissue with the aid of a plastic homogenizer 
of the Potter-Elvehjem type rather than in a ball mill as 
used by previous authors. 

The powder (5 g.) was disintegrated with about 30 ml. of 
light petroleum (b.p. 40-60°) until the cells were completely 
ruptured, as revealed by frequent microscopical examina- 
tions. The dispersion was filtered through four layers of 
muslin and the fibrous residue discarded. The filtrate was 
centrifuged with three successive lots of light petroleum 
(30-40 ml.) at 1500g for 3 min., the supernatant fluid 
being discarded. The sediment was suspended in a mixture 
of cyclohexane-CCl, (1:1, v/v) and centrifuged at 1500 g 
* British Empire Cancer Campaign Exchange Fellow. 

+ Nuffield Foundation Dominion Travelling Fellow. 


for 5min., the supernatant fluid being discarded. This 
process was repeated twice. The sediment was then mixed 
with about 20 ml. of cyclohexane-CCl, and ground in the 
homogenizer again, if necessary. The suspension was 
adjusted to sp.gr. 1-320 by the addition of CCl, to the 
mixture, to make a total volume of approximately 40 ml., 


Tissue frozen-dried and pulverized 
| 
v 
Homogenized with light petroleum (b.p. 40—60°) and filtered 
through muslin 


Y 
fOmeoteges at 1500 g, 3 min. 
Three times fe 
Sediment Supernatant (discarded) 


Vv 
Homogenized with cyclohexane—CCl, (1:1, 
| v/v, sp.gr. 1-195) 


v 
[Comnengee at 1500 g, 5 min. 
Three times + 
Riiitiiees 


“ 


Supernatant (discarded) 


Vv 
Homogenized with cyclohexane—CCl, ; sp.gr. 


| adjusted to 1-320 


y 

Centrifuged at 1500 g, 30 min. 
v : \ , 

Sediment Supernatant (discarded) 
y 

Homogenized with cyclohexane-—CCl, ; sp.gr. 
| adjusted to 1-335 

Centrifuged at 1500 g, 30 min. 
| \ 

Sediment Supernatant (discarded) 
\ 

Homogenized with cyclohexane—CCl, (1:1, 
| v/v), sp.gr. 1-195 


= 
Centrifuged at 1500 g, 10 min. 


4 
Supernatant (discarded) 


Yv 
Sediment 
Mixed with light petroleum (b.p. 40--60°) 
Centrifuged at 1500 g, 5 min. 

) 


“ 
Sediment (nuclei) Supernatant (discarded) 


Scheme of isolation of nuclei in non-aqueous media. 


Fig. 1. 
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which was then centrifuged for 30 min. at 1500g. The 
supernatant fluid was decanted, the sediment mixed with 
about 20 ml. cyclohexane-CCl, and the sp.gr. of the mixture 
adjusted to 1-335 with additions of CCl, and cyclohexane. 
The mixture was centrifuged at 1500 g for 30 min. The 
supernatant fluid was discarded and the sediment mixed 
with about 20 ml. of cyclohexane—CCl, (1:1, v/v). 

At this stage, if the disintegration had been adequate, 
the nuclei were essentially clean and free from obvious 
cytoplasmic contamination. The suspension was finally 
centrifuged in the cyclohexane-CCl, mixture for 10 min. 
at 1500g. The supernatant fluid was discarded and the 
sediment mixed with about 40 ml. of light petroleum and 
centrifuged at 1500g for 5 min. The light petroleum was 
decanted and the nuclear residue air-dried and stored in 
a desiccator. 

A few preparations were made of nuclei from rabbit- 
embryo liver, the steps in the procedure being identical 
with those described above, but further stages were 
required to remove the finely divided cytoplasmic material. 
The nuclear sediment obtained from the mixture at sp.gr. 
1-335 was resuspended in cyclohexane—CCl, and the sp.gr. 
adjusted to 1-350 with CCl,. The mixture was centrifuged 
at 1500 g for 30 min. and the supernatant fluid discarded. 
The sediment (80-95% nuclei) was mixed with cyclo- 
hexane-CCl, and the sp.gr. adjusted to 1-370. The mixture 
(about 40 ml.) was centrifuged at 1500 g for 30 min. The 
supernatant fluid was discarded and the nuclear sediment 
mixed with cyclohexane-CCl, and centrifuged at 1500 g for 
5 min. The supernatant fluid was discarded and the nuclear 
sediment mixed with light petroleum and centrifuged at 
1500 g for 5 min. The final sediment was air-dried and 
stored. 

All manipulations were carried out at room temperature. 

Staining and microscopical procedures. All stages of the 
isolation procedure were followed by careful microscopic 
observations of the preparations. Smears were made on 
microscope slides, dried and stained with crystal violet 
(0:1%) in 0-1M citric acid, with pyronin-methyl green or 
with aceto-orcein-fast green. The last stain is particularly 
useful (Kurnick & Ris, 1948), since nuclei are stained a 
reddish colour, whereas cytoplasmic and _ intracellular 
material appears greenish blue. Consequently any tags of 
cytoplasmic material adhering to the nuclei are easily 
noticed. 

Isolation of citric acid nuclei (CN). This was carried out 
as described previously (Smellie e¢ al. 1955). 

Non-aqueous nuclei extracted with citric acid (ENAN). In 
certain experiments on the effect of citric acid in removing 
nuclear constituents, portions of preparations of NAN from 
thymus, appendix and intestinal mucosa were ground with 
ice-cold 0-05 citric acid ina Potter-Elvehjem homogenizer 
and centrifuged for 10 min. at 666 g. The supernatant fluid 
was preserved. The sedimented nuclei were washed twice 
with 0-01 citric acid and centrifuged at 375 g for 5 min. 


Plate 1. 
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In some experiments the pH of the citric acid used for 
extraction was adjusted to 3-5 in order to make the condi- 
tions comparable with those obtaining in the preparation of 
CN from whole tissue. 

The citric acid extract (CE), consisting of combined 
supernatant and washings, was centrifuged at 666g for 
15 min. to remove particulate matter. The supernatant 
fluid was treated with 0-5 vol. of 30% (w/v) trichloroacetic 
acid (TCA) and the precipitate, which was abundant, 
washed twice with 10% (w/v) TCA, extracted with lipid 
solvents and treated as described below. 

Chemical manipulations. Samples of NAN and CN were 
extracted with 10% (w/v) TCA and lipid solvents as 
described by Smellie et al. (1955). The dry residue was 
incubated with 0-5n-KOH according to the modification of 
the Schmidt & Thannhauser (1945) method that we have 
previously employed. 

The digest was acidified to pH 1 with 10N-HCIO,, the 
precipitated deoxyribonucleic acid (DNA) and protein 
centrifuged down and washed with 0-5N-HCIO,, the wash- 
ings being added to the ribonucleotide fraction in the 
supernatant. P determinations were carried out on each 
fraction in order to give the total ribonucleic acid (RNA) 
and DNA contents of the preparations. 

In those experiments in which **P was used, the general 
procedure of Smellie e¢ al. (1955) was employed, the 
nuclear ribonucleotides being separated by ionophoresis on 
paper and the DNA being extracted with sodium dodecyl 
sulphate from the nucleoprotein precipitate in the Schmidt- 
Thannhauser separation. 

All P estimations were carried out by a micro-modifica- 
tion of the method of Allen (1940). Pentose was estimated 
by Mejbaum’s (1939) method, as described by Davidson & 
Waymouth (1944), with ribose as standard, and deoxy- 
pentose was estimated as described by Davidsqn & 
Waymouth (1944), with purified DNA as standard. 

Isotopic techniques. In some experiments the animals 
received an intramuscular injection of 1 mc of *P as 
inorganic phosphate, 2 or 18 hr. before killing. The handling 
of labelled material was carried out as previously described 
(Smellie e¢ al. 1955). Where results are expressed as relative 
specific activity (R.s.4.), the value for blood inorganic 
phosphate 2 hr. after *®P administration has been taken as 
10 000. 

RESULTS 
In most of the preparations of NAN the amount of 
contamination from whole cells and cytoplasmic 
debris appeared to be negligible on microscopical 
inspection, although, in trial preparations from 
kidney, and especially from adult liver, great 
difficulty was experienced in removing much of the 
finely divided cytoplasmic material and partially 
disintegrated cells. Plate 1 shows the progress of 


Photomicrographs showing stages in the preparation of non-aqueous nuclei. Kodak Ektachrome film. 
Magnification x 520. (This was the original magnification of the photographs; they have been reduced by about 


one-third for the purpose of block-making.) Aceto-orcein-fast green stain. A, Section of rabbit thymus showing the 
high proportion of non-nuclear material; B, section of rabbit appendix; C, partially purified preparation of nuclei 
from rabbit intestinal mucosa (the contaminating cytoplasmic debris stains green); D, preparation of appendix 
nuclei (a green cytoplasmic tag is visible on one nucleus); E, purified preparation of intestinal-mucosa nuclei; 


F, purified preparation of thymus nuclei. 
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the isolation of NAN from appendix, thymus and 
intestinal mucosa. A and B are sections of the 
original appendix and thymus tissue illustrating 
the initial relative proportions of non-nuclear and 
nuclear material; C shows a preparation of 
intestinal-mucosa nuclei at an early stage in the 
isolation process, with a large amount of cyto- 
plasmic debris still in evidence; D shows a pre- 
paration of nuclei almost at the final stage; E and F 
illustrate final preparations of NAN. From these 
illustrations it is clear that the final preparations 
are completely free from obvious contamination 
with cytoplasmic matter. Our main criterion of the 
purity of our preparations is indeed the appearance 
of stained nuclei on microscopical examination. 
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obtain a rough estimate of the protein content by 
difference. The amount of protein as shown in 
Table 1 varies between 79 and 92% of the dry 
weight. 

The corresponding data for a series of prepara- 
tions of CN from appendix, intestinal mucosa and 
thymus are also shown in Table 1. Although the 
figures for the percentage of DNA-P are much 
higher, those for RNA-P are appreciably lower, 
with the result that the ratios RNA-P/DNA-P are 
much lower for CN than for NAN. The higher 
percentage of total nucleic acid in CN indicates a 
correspondingly reduced protein content. These 
observations are consistent with the view, which is 
discussed below, that citric acid removes appreci- 


Table 1. Composition of cell nuclei isolated from rabbit tissues by the non-aqueous procedure (NAN) 
and by the citric acid method (CN) 





Protein 
approx. % 

DNA-P RNA-P dry wt. Protein/ 

% dry weight* % dry weight* RNA-P/DNA-P (by diff.) DNA-Pt 
— 7 f ve f ° > ¢ i = ¢ \ 
Tissue NAN CN NAN CN NAN CN NAN CN NAN CN 
Appendix 1-01 (13) 2-5 (5) 0-48 (13) 0-32 (5) 0-48 0-13 84 71 8-1 2:8 
Intestinal mucosa 0-64 (9) 2-3 (5) 0-45 (9) 0-38 (5) 0-71 0-17 88 72 13-5 3-1 
Thymus 1-68 (10)  31(5) 0-35 (10) 0-24(5) 021 008 79 66 46 21 
Bone marrow 0-67 (6) -— 0-30 (6) _ 0-45 — 89 —_— 13-0 — 
Lung 0-45 (12) — 0-27 (12) — 0-60 — 92 --- 20-0 _ 
Embryo liver 0-38 (3) — 0-37 (3) _ 0-975 — 91 -- 22-2 - 


* Numbers in parentheses refer to number of preparations examined. 
+ In making these calculations it has been assumed that the P content of the Na salt of RNA is 7-8% and of the Na 


salt of DNA is 9-3% (Kay & Dounce, 1953). 


Table 2. Relative specific activities of the DNA and RNA of citric nuclei (CN) and non-aqueous nuclei (NAN) 
isolated from rabbit appendix and from small intestinal mucosa of rabbits which had received 1 mc of **P 


Time after 





administra- Appendix Intestinal mucosa Thymus 
Nucleic tion of ?P  —- * os / . c A 
acid (hr.) CN NAN NAN/CN CN NAN NAN/CN’ CN NAN NAN/CN 
DNA 2 1373 1380 1-0 258 373 1-4 434 417 1-0 
RNA 2 3765 1665 0-4 959 592 0-6 2229 713 0-3 
DNA 18 2692 2705 1-0 585 602 1-0 _ _ — 
RNA 18 2625 2860 1-1 1196 1645 1-4 _— — _ 


The results of chemical analyses of several 
different preparations of NAN from various tissues 
are listed in Table 1, which shows that the content 
of DNA phosphorus (DNA-P), expressed as a 
percentage of the dry weight, varies considerably 
according to the tissue of origin, the highest value 
being found in thymus. The RNA phosphorus 
(RNA-P) content calculated from the total P in the 
ribonucleotide fraction varies within a narrower 


range (0-27-0-48%). In all cases the RNA-P 


content is less than the DNA-P content. 
Since protein and nucleic acids are the only 
abundant constituents of nuclei, it is possible to 


able amounts of both protein and RNA from cell 
nuclei. 

Comparison of the relative specific activities of 
the nucleic acids in CN and NAN shows that the 
activities of the DNA’s isolated from CN and NAN 
are closely similar in all tissues examined except 
intestinal mucosa. The results of one experiment 
are shown in Table 2, from which it is clear that the 
DNA of appendix and thymus has the same 
specific activity whether it is isolated from CN or 
NAN; in intestinal mucosa, however, the DNA 
from NAN has a higher activity 2 hr. after **P 
administration than has that from CN, the ratio 
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being about 1-4:1. This anomalous behaviour of 
intestinal-mucosa DNA has been _ repeatedly 
observed, the values found in a series of experi- 
ments being 1-4, 1-4, 1-6, 1-8, 1-4, 1-6 and 1-5 at 
2 hr. after administration of ?2P, whereas the value 
for appendix and thymus DNA in a similar series 
was 1. (The same effect is seen also in Table 5.) At 
18hr. after **P administration the difference 
between the relative specific activities of the DNA 
from CN and NAN of intestinal mucosa is not 
found. 

To demonstrate that the difference in the 
specific activities of the DNA’s from the two types 
of nuclei was not due to contamination, specimens 
of DNA from CN and NAN prepared from the 
intestinal mucosa of the same animal were de- 
graded enzymically to the constituent deoxyribo- 
nucleotides by the method described by Smellie 
et al. (1955). The results of one experiment given in 
Table 3 show that the difference persists among the 
mononucleotides. 


Table 3. Relative specific activities of individual 
deoxyribonucleotides of the DN A’s prepared from 
citric nuclei (CN) and non-aqueous nuclei (NAN) 
of rabbit small-intestinal mucosa. **P was injected 
2 hr. before killing 


CN NAN NAN/CN 
Deoxyadenylic acid 261 530 2-01 
Deoxyguanylic acid 366 520 1-42 
Deoxycytidylic acid 245 455 1-86 
Thymidylie acid 366 545 1-49 
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genates in citric acid, in CN, in homogenates of 
frozen dried tissue in light petroleum, in NAN and 
in material at an arbitrary intermediate stage in 
the preparation of NAN. The results of such an 
experiment are given in Table 4, which shows a 
sharp drop in the ratio RNA-P/DNA-P when CN 
are isolated from the homogenate. During the 
preparation of NAN the ratio also falls, as might be 
expected, owing to the removal of cytoplasmic 
material, but the final values are invariably higher 
than those found with CN from the same sample of 
tissue from the same animal. These results would 
be consistent with the view that citric acid ex- 
tracts some RNA from the nucleus. It should also 
be recorded that thymus nuclei prepared in 
diethylene glycol by a method similar to that 
employed by Tyner, Heidelberger & LePage (1953) 
gave an RNA-P/DNA-P value of 0-21, correspond- 
ing to the value found for NAN rather than for CN. 

We have also carried out experiments to deter- 
mine the nature and activity of compounds 
extracted from NAN by citric acid and of those 
remaining. The materials extracted will obviously 
include the acid-soluble constituents of NAN, 
which must to a large extent be leached out during 
the process of isolation of CN. 

When specimens of NAN were treated with 
citric acid under conditions similar to those ob- 
taining in the preparation of CN, the citric acid 
extracts plus washings (CE) were found to contain 
appreciable amounts of both P and N. When such 
extracts of NAN from appendix, intestinal mucosa 





Table 4. Ratioof RNA-P to DNA-P in citric acid tissue homogenates in citric nuclei (CN) in light-petroleum 
homogenates, in non-aqueous nuclei (NAN) and in preparations of NAN at an intermediate stage in 


the course of isolation 


These figures represent the results of a single experiment; 


figures quoted in Table 1, which are mean values. 


Citric acid 


Tissue homogenate CN 
Appendix 0-45 0-17 
Bone marrow 0-57 0-09 
Intestinal mucosa 0-92 0-25 
Thymus 0-29 0-06 


hence the values quoted show minor differences from the 


Light- Intermediate 
petroleum stage in 
homogenate _ isolation of NAN NAN 
0-49 0-39 0-38 
0-51 0-43 0-34 
0-90 0-66 0-51 
0-30 0-22 0-21 





The specific activity of the RNA obtained from 
CN was invariably found to be higher than that 
obtained from NAN in all tissues examined at 2 hr. 
after 32P administration. This difference was not 
found at 18 hr. (‘Table 2). 

These differences between CN and NAN might 
be explained on the assumption that citric acid 
treatment of nuclei results in the removal of 
appreciable amounts of phosphorus compounds, as 
well as of protein, and experiments were therefore 
carried out to determine the ratio RNA-P/DNA-P 
in the same specimen of the same tissue in homo- 


and thymus were treated with TCA, abundant 
precipitates consisting mainly of protein appeared. 
These precipitates accounted in one experiment for 
23, 18 and 14% respectively of the dry weights of 
the NAN from appendix, intestinal mucosa and 
thymus. 

The supernatant fluids from such precipitates 
showed negligible amounts of materials reacting as 
deoxypentose. They did, however, contain appre- 
ciable amounts of phosphorus and of pentose- 
reacting substances, mainly simple nucleotides. 
Indeed, we have shown in other experiments, to be 


11-2 
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published later, that among the acid-extractable 
constituents of NAN are ribonucleotides of adenine, 
guanine, hypoxanthine, uracil and, in smaller 
amounts, cytosine. 

When pentose estimations were carried out on 
TCA extracts of NAN and of CN, it was found that 
85-90% of the acid-soluble pentose-reacting 
materials in the NAN had been removed by citric 
acid. Similar estimations on TCA extracts of the 
residual NAN after citric acid extraction (ENAN) 
confirmed that most of the pentose derivatives had 
been extracted. These pentose derivatives are 
mainly purine ribosides or ribonucleotides. 

When the precipitates obtained by the addition 
of TCA to CE were submitted to the Schmidt-— 
Thannhauser procedure only very slight traces of 
DNA were found, but such precipitates contained 
almost as much RNA as was left behind in the 
ENAN. It would appear therefore that citric acid 
removes appreciable amounts of RNA from NAN. 
On the other hand, the conditions of extraction of 
NAN with citric acid are not strictly comparable 
with those obtaining in the treatment of a whole 
tissue homogenate with citric acid, since the cyto- 
plasmic proteins can exert an appreciable buffering 
effect. Accordingly, in one experiment the pH of 
the citric acid used to extract NAN was adjusted to 
3-5 so as to obtain conditions more like those 
found in the treatment of whole tissue homogenates. 
Although in such circumstances the amount of 
RNA extracted was somewhat reduced it was still 
appreciable. 

Since the specific activity of the RNA was 
usually higher in citric nuclei than in non-aqueous 
nuclei it was of some interest to determine the 
activity of the RNA in the citric acid extract. In 
one such experiment on thymus nuclei the relative 
specific activity in the RNA from CN was 2229, 
whereas that in NAN was 713. When the NAN were 
extracted with citric acid the relative specific 
activity of the RNA extracted was 241, whereas 
that of the RNA remaining in the ENAN had 
risen to 900. These observations suggest that the 
RNA in NAN is not homogeneous and that citric 
acid preferentially removes a fraction of lower 
activity. 

We have already mentioned that citric acid does 
not extract DNA from NAN; consequently it 
might reasonably be expected that the specific 
activity of the DNA would be of the same order in 
NAN as in ENAN. That this is in fact the case is 
demonstrated in Table 5 for appendix, intestinal 
mucosa and thymus. In intestinal mucosa the 
difference in the activity of the DNA isolated from 
CN and from NAN is still found in ENAN after 
citric acid extraction and is not therefore due to the 
removal by citric acid of material of particularly 
high activity. 
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When DNA is extracted by sodium dodecyl 
sulphate from the nucleoprotein precipitate ob- 
tained in the Schmidt-Thannhauser separation, 
appreciable amounts of P still remain in the protein 
residue and the relative specific activities of this 
residual P are usually of the same order as those for 
DNA. This residual P is always considerably larger 
in amount in NAN than in CN and ENAN. It 
should be noted in this connexion that DNA is less 


Table 5. Relative specific activities of the DNA 
extracted from citric nuclei (CN), non-aqueous 
nuclei (NAN) and NAN extracted with citric acid 
(ENAN) from the appendix, intestinal mucosa 
and thymus of a rabbit which had received **P 
2 hr. before killing 


Type of nucleus Appendix Mucosa Thymus 
CN 1373 258 434 
NAN 1380 402 415 
ENAN 1355 385 440 


readily extracted from a Schmidt—Thannhauser 
deoxyribonucleoprotein fraction than it is from a 
nucleoprotein fraction that has not been subjected 
to preliminary alkaline incubation, and that DNA 
is also less readily extracted from NAN than from 
CN. It may well be that the DNA becomes more 
firmly bound to the protein during the alkaline 
incubation stage and that this effect is more 
pronounced in NAN than in CN. 


DISCUSSION 


The methods which we have employed for the 
isolation of NAN are essentially modifications of 
the procedure of Allfrey et al. (1952). Although the 
preparation of satisfactory specimens is a long and 
tedious process with rather poor yields, the principle 
of using a homogenizer in place of the ball mill used 
by previous authors has appreciably shortened the 
procedure, provided that reasonably small amounts 
of material are being handled, and especially when 
tissues with a high nuclear/cytoplasmic ratio, such 
as appendix or thymus, are employed. For tissues 
such as kidney or embryo liver the process is 
appreciably longer, but the final preparations are 
satisfactory. On the other hand, we have not been 
able to obtain satisfactorily clean preparations 
from adult rabbit liver. Similar difficulties were 
encountered by Allfrey et al. (1952) with rat liver, 
but they were fairly successfully overcome when the 
animals were subjected to a fast before killing. 
Dounce et al. (1950), on the other hand, used rat 
liver for all their experiments on NAN, but the 
purity of their preparations has been questioned by 
Allfrey et al. (1952). 
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Our criterion of purity has been morphological 
examination of stained smears under the micro- 
scope, the value of which has been particularly 
stressed by Allfrey et al. (1952), by Stern & Mirsky 
(1953) and by Kirkham & Thomas (1953). The 
preparations illustrated in Plate 1 show the ease 
with which cytoplasmic contamination may be 
detected by appropriate staining methods and reveal 
that the final products are free from any obvious 
cytoplasmic debris. 

The main advantage of NAN over nuclei pre- 
pared by the usual citric method is that all the 
nuclear constituents, with the exception of lipids, 
should be retained. Consequently it is not sur- 
prising to find that DNA accounts for a lower 
percentage of the nuclear dry weight than is found 
with CN (Table 1). Similar observations have been 
made for liver nuclei by Dounce et al. (1950). 
Previous authors have not used rabbit tissues, and 
it is therefore not possible to make a direct com- 
parison of the DNA content of our NAN as shown 
in Table 1 with the figures of Allfrey et al. (1952), 
who used mainly calf and horse tissues, but when 
the same tissues are compared in different species 
our figures are rather lower than theirs. 

Dounce et al. (1950) found that the RNA content 
was higher in relation to the DNA content with rat- 
liver NAN than for CN. Indeed their preparations 
of NAN contained slightly more RNA than DNA. 
Allfrey et al. (1952), on the other hand, invariably 
found considerably less RNA than DNA. In our 
preparations of NAN the estimation of RNA-P was 
based on the P content of the ribonucleotide 
fraction obtained by the Schmidt-Thannhauser 
process, and since this fraction may contain as 
much as 20-25 % of non-nucleotide P (Davidson & 
Smellie, 1952), the figures quoted for RNA-P are 
consequently maximal values. Nevertheless, the 
separation by ionophoresis of the nucleotides in this 
fraction has shown that they are the characteristic 
four nucleotides of RNA and that they are not 
accompanied by breakdown products of DNA. 

In all our preparations of NAN appreciable 
amounts of RNA were present but, except in those 
from embryo liver, the RNA-P content was con- 
siderably lower than the DNA-P content. In pre- 
parations of CN the DNA-P content as a percent- 
age of the dry weight was much greater (Table 1), 
on account of the lower proportions of other 
nuclear constituents (e.g. protein), but the RNA-P 
content was lower than in NAN with the result that 
the RNA-P/DNA-P ratio was in all cases much 
lower in CN than in NAN. These figures are com- 
patible with our subsequent observations that 
citric acid will extract both protein and RNA from 
NAN. 

The values for the protein content of NAN 
(Table 1) are calculated on the assumption that the 
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main nuclear constituent other than nucleic acid is 
protein; they must be regarded only as approxima- 
tions, since no allowance has been made for the 
low-molecular-weight constituents, which in any 
case probably comprise only a small proportion of 
the total nuclear substance. Our figures are, 
however, slightly higher than those found by 
Allfrey et al. (1952) in other species. 

Since NAN must contain all the acid-soluble 
constituents of the cell nucleus, it is a matter of 
considerable importance to examine the substances 
extracted from them by citric acid. Kirkham & 
Thomas (1953) found that 0-14M-NaCl extracted 
26-44 % of the nuclear substance of NAN from calf 
thymus and liver, and showed that the major 
component extracted had the characteristics of a 
globulin. Dounce e¢ al. (1950) found that dilute 
citric acid at pH 6-0 extracted about 50% of the 
dry weight of rat-liver NAN, and Allfrey e¢al. 
(1952) found that citric acid removed 18-55% of 
the protein of NAN. Neither group of workers, 
however, appear to have examined the citric acid 
extracts further. In our experiments with NAN 
from appendix, intestinal mucosa and thymus, 
citric acid was found to remove a considerable 
amount (14-23%) of nuclear protein, which could 
subsequently be precipitated by TCA. Although 
the nuclear membrane may not necessarily have 
the same permeability characteristics in NAN as in 
a tissue dispersion which has been exposed only to 
dilute aqueous acid, the structure of the nuclear 
membrane as revealed by electron micrédscopy 
(Watson, 1954) appears to be of sufficient porosity 
to permit the passage of quite large molecules. 
Hence it seems highly probable that CN prepared 
by the conventional method have lost a significant 
proportion of their original protein content in the 
process of isolation (see also Dounce, 1955). Such 
a supposition is supported by the observation that 
the protein content of individual nuclei in tissue 
sections as determined by spectrophotometric 
methods is much higher than that in isolated CN 
examined in bulk (Pollister & Leuchtenberger, 
1949). Consequently, results of studies on proteins 
obtained from nuclei isolated in dilute aqueous 
acid solutions must be regarded with some reserve. 

Preliminary estimations made by means of 
interference microscopy by Dr A. J. Hale on nuclei 
prepared by us from thymus have confirmed a 
difference in nuclear mass, corresponding to the 
loss of about 14 % of protein in nuclei treated with 
citric acid compared with those isolated from non- 
aqueous solvents. 

Citric acid extracts of NAN also contain the 
non-protein, non-nucleic acid constituents of the 
nucleus which remain in solution when the ex- 
tracted protein is precipitated with TCA. Among 
such constituents are many P compounds, including 





166 
nucleotides of adenine, guanine, hypoxanthine, 
uracil and, in smaller amount, cytosine. An 
account of our observations on such nucleotides 
will be given in another paper, but it may be noted 
here that recent work by several groups of authors 
(Sacks, Lutwak & Hurley, 1954; Schmitz, Potter, 
Hurlbert & White, 1954; Schmitz, Hurlbert & 
Potter, 1954; Smith & Mills, 1954a, b) has indicated 
the general occurrence of mono-, di- and tri- 
phosphates of adenine, guanine, uracil and cytosine 
in mammalian tissues. Naora & Takeda (1954) 
have also found labile phosphate, derived possibly 
from adenosine triphosphate, in rat-liver NAN. 
Such compounds, together with RNA, presumably 
comprise at least part of the ultraviolet-absorbing 
materials observed, in addition to the expected 
amount of DNA, in living cell nuclei by Walker 
& Yates (1952) and more recently by Davies 
(1954). 

The effect of citric acid on the nucleic acids of 
NAN is also of considerable interest. In our 
experience citric acid extracts contain no significant 
amounts either of DNA or of deoxypentose-reacting 
materials. It is therefore reasonable to conclude 
that CN may be used with impunity in experiments 
on DNA. On the other hand, citric acid extracts 
appreciable amounts of RNA from NAN, and this 
RNA is precipitated along with protein when TCA 
is added to CE. About half the RNA present in 
NAN may, for example, be extracted by citric acid 
from appendix and thymus nuclei. Since appendix 
and thymus tissue contain little cytoplasmic RNA 
in any case and since they yield particularly clean 
specimens of NAN as judged by microscopical 
appearance and reproducibility of analytical figures, 
it seems unlikely that the RNA extracted by citric 
acid from appendix and thymus NAN is merely 
cytoplasmic RNA contaminating the preparations. 
If, however, it is in fact true nuclear RNA, it is 
obviously distinct in both its solubility properties 
and its rate of uptake of *2P from the RNA that 
remains in the ENAN. In nuclei prepared in 
aqueous solvents, such RNA would in all proba- 
bility appear on fractionation among the cyto- 
plasmic constituents, and when these constituents 
are subdivided the RNA would appear in the super- 
natant (cell sap) material rather than in the parti- 
culate fractions. Several authors (e.g. Smellie, 
MeIndoe, Logan, Davidson & Dawson, 1953; 
Barnum, Huseby & Vermund, 1953) have observed 
a metabolic distinction between the RNA’s of the 
different cytoplasmic fractions and have suggested 
that the RNA of the cell sap plays a role distinct 
from that of the RNA of the cytoplasmic particles. 
The present results suggest that these observa- 
tions might be attributed, in part at least, to the 
presence in the cytoplasm of RNA of nuclear 
origin. 
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Since citric acid extracts no DNA from NAN it is 
not surprising to find that in our experiments with 
32P the relative specific activity of the DNA of any 
one tissue is the same in NAN as in CN in all 
tissues studied, with the exception of intestinal 
mucosa. In this tissue the higher activity of the 
DNA in NAN has been consistently found, and is 
clearly not due to contamination of the DNA from 
NAN by a highly active concomitant, since it 
persists at the level of the separated nucleotides 
(Table 3). This conclusion is confirmed by the 
observation that the activity of the DNA is the 
same in ENAN as in NAN (Table 5). We are 
unable yet to explain the anomalous position of 
mucosal DNA, but it must be remembered that in 
a heterogeneous tissue such as mucosa it is possible 
that one or other method of isolation of nuclei may 
preferentially yield the nuclei of one specific cell 
type. It is also possible that, in the removal of 
intestinal mucosa from the excised gut, the in- 
evitable time lag before freezing is sufficient to 
permit a certain amount of autolysis, which con- 
tinues during the isolation of CN but is stopped at 
the freeze-drying stage in the preparation of NAN. 
The action of nucleolytic enzymes might con- 
ceivably result in a selective fractionation of part 
of the DNA, with the loss of diffusible fragments in 
the aqueous medium. This difference in specific 
activity may then be an observation of a fractiona- 
tion of DNA. 

The possibility of heterogeneity of the DNA is 
also raised by the evidence that sodium dodecyl 
sulphate as employed by Kay, Simmons & Dounce 
(1952) does not extract all the DNA from the 
nucleoprotein residue. 

The differences in the activities of nuclear RNA 
from NAN and from CN are large and are not 
confined to any one tissue. Tyner et al. (1953) have 
observed similar differences in the incorporation of 
32P into the nuclear RNA of liver nuclei isolated in 
citric acid and in ethylene glycol. The nuclear RNA 
of the former had almost four times the activity of 
the nuclear RNA of the latter. In the tissues that 
we have examined the differences are not so great, 
but when NAN are extracted with citric acid the 
specific activity of the RNA remaining in the ENAN 
is greater than that in the NAN although not yet 
so high as that in the corresponding CN. The 
specific activity of the RNA extracted by the 
citric acid is much lower. Since cytoplasmic RNA 
has a lower relative specific activity than the 
nuclear RNA from the CN of the same tissue 
(Smellie et al. 1955), the specific-activity measure- 
ments could be interpreted as evidence for the 
contamination of NAN by cytoplasmic material. 

Such an interpretation, however, is not in 
accordance with our observations that the micro- 
scopical appearance of stained smears shows no 
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visible evidence of cytoplasmic contamination and 
that in some of the tissues which we have used 
most frequently, e.g. appendix and thymus, the 
amount of cytoplasm is small, the nuclear cyto- 
plasmic ratio is high and the corresponding NAN 
are particularly clean in appearance. Indeed 
sections of these tissues stained with pyronin— 
methyl green show very little evidence of pyro- 
ninophilic material in the cytoplasm. 

In the preparation of NAN from tissue homo- 
genates the ratio RNA-P/DNA-P falls as obvious 
cytoplasmic material is removed, but the limiting 
value reached in NAN is not lowered by further 
manipulation. This value is invariably higher than 
the corresponding value for CN from the same 
sample of tissue, and in thymus corresponds to the 
figure found in nuclei isolated from diethylene 
glycol. It is, moreover, not unreasonable to suppose 
that if the nuclear RNA is markedly heterogeneous 
in metabolic activity one fraction of it might have 
a turnover similar to that of the cytoplasmic 
RNA’s. We are therefore disposed to conclude that 
the RNA of the cell nucleus is heterogeneous as it 
exists in nuclei prepared in non-aqueous media and 
hence in the intact cell. This heterogeneity is 
manifested both by solubility characteristics and 
metabolic activity. Although nuclei isolated in 
dilute acid solutions by conventional procedures 
can provide useful information, in their preparation 
part of the nuclear RNA is lost and the study of 
such nuclei can give only a partial picture of 
nuclear processes. 


SUMMARY 


1. A description is given of a modified method 
for the preparation of rabbit cell nuclei in non- 
aqueous media. Such non-aqueous nuclei (NAN), 
which retain their water-soluble constituents, are 
compared with nuclei (CN) isolated by the con- 
ventional citric acid method. 

2. On a percentage basis NAN have a much 
lower content of deoxyribonucleic acid (DNA) than 
CN have, but their content of ribonucleic acid 
(RNA) is slightly higher. The protein content of 
NAN lies between 79 and 92 % and is considerably 
higher than that of CN (66-72 %). 

3. In experiments on the incorporation of radio- 
active phosphorus into the cell nuclei of rabbit 
tissues it was found that the specific activity of 
DNA was the same in NAN as in CN in all tissues 
examined except intestinal mucosa where, 2 hr. 
after administration of **P, it was invariably 
higher in NAN than in CN. The activity of nuclear 
RNA was higher in CN than in NAN i alli tissues 
examined. 

4. When NAN were treated with citric acid in 
similar to those obtaining in the 


conditions 
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isolation of CN no DNA was removed, but 14- 
23 % of the protein content was extracted, together 
with about half the RNA. The RNA so removed 
had a specific activity considerably lower than that 
of the RNA which remained. 

5. The implications of these observations are 
discussed, and it is concluded that the RNA of the 
cell nucleus is heterogeneous in nature, a consider- 
able proportion being lost in a conventional pre- 
paration of nuclei from aqueous media. Such 
nuclei are thus inadequate for a complete study of 
nuclear metabolism. 


We should like to thank Mr A. J. Taylor and Mr D. 
Rankin for technical assistance in some of these experi- 
ments. The expenses of this work were defrayed by a grant 
to one of us (J.N.D.) from the Medical Research Council 
and by a grant from the Rankin Fund of the University 
of Glasgow. We acknowledge with gratitude the skilful 
assistance of Mr P. Elliot, of the Glasgow Royal Infirmary 
Pathology Department, in the preparation of the photo- 
micrographs. A grant towards the cost of the colour plate 
from the Carnegie Trust for the Universities of Scotland 
is also gratefully acknowledged. 


REFERENCES 


Allen, R. J. L. (1940). Biochem. J. 34, 858. 

Allfrey, V., Stern, H., Mirsky, A. E. & Saetren, H. (1952). 
J. gen. Physiol. 35, 529. 

Barnum, C. P., Huseby, R. A. & Vermund, H. (1953). 
Cancer Res. 13, 880. 

Behrens, M. (1932). Hoppe-Seyl. Z. 209, 59. . 

Behrens, M. (1938). Handb. biol. ArbMeth. 10, 1363. 

Davidson, J. N. & Smellie, R. M. S. (1952). Biochem. J. 
52, 599. 

Davidson, J. N. & Waymouth, C. (1944). Biochem. J. 38, 
379. 

Davies, H. G. (1954). Quart. J. micr. Sci. 95, 433. 

Dounce, A. L. (1955). In The Nucleic Acids, vol. 2, p. 93. 
Ed. by Chargaff, E. & Davidson, J. N. New York: 
Academic Press. 

Dounce, A. L., Tishkoff, G. H., Barnett, 8. 
R. M. (1950). J. gen. Physiol. 33, 629. 

Kay, E. R. M. & Dounce, A. L. (1953). J. Amer. chem. Soc. 
75, 4041. 

Kay, E. R. M., Simmons, N. 8S. & Dounce, A. L. (1952). 
J. Amer. chem. Soc. 74, 1724. 

Kirkham, W. R. & Thomas, L. E. (1953). J. biol. Chem. 
200, 53. 

Kurnick, N. B. & Ris, H. (1948). Stain Tech. 23, 17. 

Mejbaum, W. (1939). Hoppe-Seyl. Z. 258, 117. 

Naora, H. & Takeda, S. (1954). Biochim. biophys. Acta, 13, 
360. 

Pollister, A. W. & Leuchtenberger, C. (1949). Proc. nat. 
Acad. Sci., Wash., 35, 66. 

Sacks, J., Lutwak, L. & Hurley, P. D. (1954). J. Amer. 
chem. Soc. 76, 424. 

Schmidt, H. & Thannhauser, S. J. (1945). J. biol. Chem. 
161, 83. 

Schmitz, H., Hurlbert, R. B. & Potter, V. R. (1954). 
J. biol. Chem. 209, 41. 


R. & Freer, 


168 


Schmitz, H., Potter, V. R., Hurlbert, R. B. & White, D. M. 
(1954). Cancer Res. 14, 66. 

Smellie, R. M. S., Humphrey, G. F., Kay, E. R. M. & 
Davidson, J. N. (1955). Biochem. J. 60, 177. 

Smellie, R. M. S., McIndoe, W. M., Logan, R. L., Davidson, 
J. N. & Dawson, I. M. (1953). Biochem. J. 54, 280. 

Smith, E. E. B. & Mills, G. T. (1954a). Biochim. biophys. 
Acta, 13, 386. 


E. R. M. KAY AND OTHERS 


1956 


Smith, E. E. B. & Mills, G. T. (19545). Biochim. biophys, 
Acta, 18, 587. 

Stern, H. & MirsLy, A. E. (1953). J. gen. Physiol. 37, 177. 

Tyner, E. P., Heidelberger, C. & LePage, G. A. (1953). 
Cancer Res. 18, 186. 

Walker, P. M. B. & Yates, H. B. (1952). Proc. Roy. Soc. B, 
140, 275. 

Watson, M. L. (1954). Biochim. biophys. Acta, 15, 475. 


The Metabolism of 3-Hydroxyanthranilic and Quinolinic Acids 
in the Chick Embryo 


By E. QUAGLIARIELLO anp G. DELLA PIETRA 
Institute of Chemistry, Faculty of Medicine and Surgery, University of Naples 


(Received 21 January 1955) 


3-Hydroxyanthranilic acid (I) occupies a central 
position in the biological degradation of tryptophan 
(for discussion, see Cedrangolo, 1953). It can re- 
place nicotinic acid in the growth of the rat (Wiss, 
Viollier & Miiller, 1949); furthermore, it is readily 
converted in vitro into quinolinic acid (II) (Priest, 
Bokman & Schweigert, 1951). 


CO,H 
NH, 


CO,H 


_2CO,H 
OH . 
(I) (11) 


Makino, Itoh & Nishi (1951) claimed to have 
demonstrated in vitro the conversion by mam- 
malian liver of 3-hydroxyanthranilic and quinolinic 
acids into nicotinic acid, but Cedrangolo & Scardi 
(1951) raised the objection that the long incubation 
time in these experiments might have induced 
bacterial growth and therefore yielded unreliable 
results. In fact, Henderson, Hill, Koski & Wein- 
stock (1951) and Hellmann & Wiss (1952) failed to 
confirm the results of Makino et al. (1951); and 
Denton, Kellogg, Rowland & Bird (1952) and 
Cedrangolo, Quagliariello & Della Pietra (1953), 
after injecting 3-hydroxyanthranilic acid into 
hen’s eggs, were unable to show any formation of 
nicotinic acid during incubation. 

Quinolinie acid promotes rat growth 
(Henderson, 1949) and appears in the urine after 
administration of tryptophan (Schayer & Hender- 
son, 1952), but in experiments in vitro Cedrangolo & 
Jannella (1950) and Cedrangolo & Secardi (1951) 
were unable to find any conversion of quinolinic 
into nicotinic acid in homogenates and tissue slices 


also 


from liver, kidney, spleen, brain and muscle of rats 


and rabbits. Additional support for the absence of 
conversion of quinolinic into nicotinie acid was 
given by Cedrangolo, Della Pietra & Quagliariello 
(1953), who found that quinolinic acid, injected 
into hen’s eggs, did not cause any increase in the 
content of nicotinic acid during incubation. 

Given this conflicting evidence, it was thought 
worth while to examine whether 3-hydroxyan- 
thranilic acid, and possibly quinolinic acid as well, 
could be converted into nicotinic acid by chick 
embryo. Short preliminary communications of the 
results referred to in this paper have already 
appeared elsewhere (Quagliariello & Della Pietra, 
1954; Della Pietra, Quagliariello & Auricchio, 1954). 


EXPERIMENTAL AND RESULTS 


We first investigated whether 3-hydroxyanthranilic acid 
could be converted into nicotinic acid. 

Chick embryos on the 12th incubation day were homo- 
genized in a Potter glass homogenizer with Krebs—Ringer- 
phosphate solution (5 ml./g. tissue). The incubation 
mixture consisted of 5 ml. of homogenate, 3 mg. of 3- 
hydroxyanthranilic acid (Hoffman—La Roche and Co.), 
and Krebs—Ringer-phosphate, pH 7-3; total vol. 15 ml. 
The incubation took place at 37° for 3 hr., with oxygen as 
the gas phase. In order to autolyse the tissues, the incuba- 
tion was then continued under benzene for 21 hr. The 
volume was then brought to 40 ml. with water, and, after 
autoclaving for 20 min. at 121°, the volume was readjusted 
to 40 ml. and the suspension filtered. Samples of the 
filtrate were taken for the quantitative analysis of nicotinic 
acid by the microbiological technique of Della Pietra & 
Quagliariello (1953), using Lactobacillus arabinosus. Blanks 
with tissue only (A), with 3-hydroxyanthranilic acid only 
(B), and with tissue + 3-hydroxyanthranilic acid added at 
the end of incubation (C), were run in parallel through the 
entire procedure. Values of A and C were always identical; 
values of B were nil. 
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Table 1 shows the results of our experiments. 
Some extra nicotinic acid was formed when homo- 
genates of embryonic tissue were incubated with 
3-hydroxyanthranilic acid. 

We next investigated the conversion of quino- 
linie acid into nicotinic acid. 

Chick embryos on the 12th day of incubation 
were used. The experimental technique was the 
same as before. Quinolinic acid was obtained from 
Bios Laboratories Inc. In some tests, the autolysis 
under benzene was omitted and autoclaving was 
carried out immediately after the incubation, as 


Table 1. Formation of nicotinic acid from 3-hydroxy- 
anthranilic acid by 12-day chick-embryo homogenates 


Nicotinic acid (yg./g. embryo) 





™ 
Embryo incubated 


Embryo 
incubated with 3-hydroxy- 
ixpt. alone anthranilic acid 

1 32-4 41-6 
2 31-3 40-8 
3 32-1 36-6 
4 26-8 45-2 
5 26-7 34-0 
6 28-0 36-0 
7 24-8 39-2 
8 17-0 32-0 
9 26-1 31-0 
10 27:3 32-4 
11 40-0 42-8 
12 26-4 38-4 
13 27-6 33-6 
14 36-2 42-4 
15 21-2 27-2 
16 20-6 23-7 
Average 27-7 36-2 


(S.D. 5-5) (S.D. 5-7) 
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autoclaving in a neutral medium does not de- 
carboxylate quinolinic acid. 

Blanks with tissue alone, with quinolinic acid 
alone, and with tissue + quinolinic acid added before 
autoclaving, were also included. 

Table 2 shows the results of the experiments, 
and indicates that quinolinic acid, under the 
experimental conditions employed, is not con- 
verted into nicotinic acid. 

The position of quinolinic acid was not clarified 
by the experiments described above, as this com- 
pound, which is a normal constituent of hen’s eggs 
(Quagliariello & Della Pietra, 1953), could be 
either an end product of a secondary route from 
3-hydroxyanthranilic acid, or have no relation to 
tryptophan metabolism. Investigations were there- 
fore carried out to find whether extracts from chick 
embryo could perform a partial transformation 
in vitro of 3-hydroxyanthranilic into quinolinic 
acid. 

The chick-embryo homogenate was diluted with 
4 vol. of Krebs—Ringer-phosphate, and centrifuged. 
The sediment was discarded. 

The supernatant was incubated with 3-hydroxy- 
anthranilic acid at 37° for 150min. in air. 
Quinolinic acid was determined by the method of 
Rabinovitz, Fineberg & Greenberg (1953), with 
minor modifications. The amount of quinolinic 
acid formed was calculated by subtracting the value 
for the embryonic extract alone, and also the value 
with 3-hydroxyanthranilic acid alone (assay with 
3-hydroxyanthranilic acid minus blank with the 
reagents alone), from the value for the complete 
system. In these experiments an extract from 
chick embryo (12th incubation day) was used, 


Table 2. Content of nicotinic acid in 12-day chick-embryo homogenates incubated with quinolinic acid 


Nicotinic acid (yg./g. embryo) 





Quinolinic Incubation Embryo Embryo 
acid time incubated incubated with 
Expt. (mg.) (hr.) alone quinolinic acid 

1 3 5 26-5 28-0 
2 3 5 44-0 36-0 
3 3 5 29-2 29-2 
+ 3 3 33-6 28-0 
5 d 3 25-2 23-2 
6 3 3 20-4 22-8 
7 2 3 24-8 22-4 
8 2 3 22-0 25-6 
9 2 3 22-4 23-2 
10 2 3 22-4 20-8 
1] 2 3 22-4 20-4 
12 2 3 22-8 21-6 
13 2 3 21-6 22-8 
14 1 3 23-7 20-0 
15 1 3 26-4 24-0 
16 l 3 31-2 22-8 
17 0-5 3 22-8 21-2 
18 0-5 3 20-0 25-2 
Average 25-6 23-2 
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because in similar experimental conditions Rabino- 
vitz et al. (1953), with rat liver, observed a marked 
conversion of 3-hydroxyanthranilic into quinolinic 
acid. 

Table 3 gives the experimental results. It can be 
seen that no conversion of 3-hydroxyanthranilic 
into quinolinic acid was demonstrable under these 
experimental conditions. 


Table 3. Content of quinolinic acid after incubation 
of the supernatant of chick-embryo homogenate with 
3-hydroxyanthranilic acid 


3-Hydroxy- Quinolinic Quinolinic 
anthranilic acid acid added* acid found 
(umoles) (umoles) (umoles) 

19-6 20 20-06 

19-6 10 9-93 

9-8 20 19-74 

9-8 10 10-00 

6-5 20 19-87 

6-5 LO 9-35 


* Added after incubation and deproteinization. 


Table 4. Recovery of 3-hydroxyanthranilic acid after 
incubation with chick-embryo homogenates 


3-Hydroxy- 3-Hydroxy- 


Time of anthranilic anthranilic 
incubation acid added acid recovered 

(min.) (ug-) (ug) 
180 3000 3000 
30 600 608 

30 500 510 

30 400 400 

30 300 302 

30 200 198 

30 150 144 

15 500 500 

15 150 147 


Since the conversion of 3-hydroxyanthranilic 
into nicotinic acid in our experiments amounted to 
only 0-3%, it was possible that 3-hydroxyanthra- 
nilic acid was converted into compounds other 
than nicotinic acid. We therefore followed the fate 
of 3-hydroxyanthranilic acid under experimental 
conditions in which formation of nicotinic acid had 
been Whole homogenates of 12-day 
chick embryos were used, and 3-hydroxyanthranilic 
acid was determined according to Bokman & 
Schweigert (1950) with minor modifications. 

Each set required its own 
standard curve, because alterations in the incuba- 
tion time gave widely different readings for equal 
amounts of 3-hydroxyanthranilic acid. The sensi- 
tivity of this method does not permit determination 
of the disappearance of the small amount of 3- 
hydroxyanthranilic acid which is converted into 
nicotinic acid, whereas the microbiological method 
was able to demonstrate the formation of such 
small amounts of nicotinic acid. 


observed. 


of experiments 
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The results presented in Table 4 show that 
practically the whole of the 3-hydroxyanthranilic 
acid was recovered at the end of the incubation time. 
Each value is the mean of many similar experi- 
ments. Times of incubation shorter than in the 
experiments reported in Table 1 were sometimes 
used because Bokman & Schweigert (1950) had 
demonstrated the total disappearance in 5 min. of 
3-hydroxyanthranilic acid incubated with rat liver. 


DISCUSSION 


Snell & Quarles (1941) have shown that on the 12th 
day of incubation a large synthesis of nicotinic acid 
is observed in hen’s eggs. It has also been shown 
that tryptophan is the source of nicotinic acid 
synthesized in developing hen’s eggs (Quagliariello, 
Fidanza, Della Pietra & Scala, 1952). On these 
grounds 12-day chick embryos were chosen for our 
in vitro experiments on the metabolism of 3- 
hydroxyanthranilic and quinolinic acids. Our 
results suggest the conversion of 3-hydroxyanthra- 
nilic into nicotinic acid to a small but definite 
extent, whereas a conversion of quinolinic into 
nicotinic acid was not demonstrated. It seems 
probable that no metabolite other than nicotinic 
acid originated from 3-hydroxyanthranilic acid. 

The formation of quinolinic acid from 3-hydroxy- 
anthranilic acid could not be demonstrated. Our 
experiments suggest that nicotinic acid in chick 
embryo is formed from 3-hydroxyanthranilic acid 
either directly or by way of a still unknown inter- 
mediate, and that quinolinic acid does not take 
part directly or indirectly in the metabolic pro- 
cesses leading from tryptophan to nicotinic acid. 
The conversion of 3-hydroxyanthranilic acid into 
nicotinic acid in our experiments is of the order of 
only 0-3%, but this value is comparable with that 
obtained by Schweigert, German & Garber (1948) 
for the conversion of tryptophan into nicotinic acid. 

Some results still remain to be explained, such 
as the presence of quinolinic acid in hen’s eggs 
(Quagliariello & Della Pietra, 1953) and its increase 
from the Ist to the 18th day of incubation. The 
reason for the absence of formation of extra 
nicotinic acid after injection of 3-hydroxyanthra- 
nilic acid into the incubating eggs (Denton et al. 
1952; Cedrangolo, Quagliariello & Della Pietra, 1953) 
is also not clear. 


SUMMARY 


Homogenates from 12-day-old chick embryos 
convert 3-hydroxyanthranilic acid into nicotinic 
acid to a small extent but apparently not into 
quinolinic acid or into other compounds. Quinolinic 


acid is not converted into nicotinic acid. 


We wish to thank Mr S. Auricchio and Miss E. Rogliani 
for their help in performing some of the experiments. 
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Cephalosporin P, and Helvolic Acid 


By H. S. BURTON,*+t E. P. ABRAHAM#* anp H. M. E. CARDWELL 
Dyson Perrins Laboratory and Sir William Dunn School of Pathology, University of Ouford 


(Received 28 February 1955) 


The isolation of antibiotics from the culture fluid 
of a species of Cephalosporium was described by 
Burton & Abraham (1951). These substances, 
which were called vephalosporin P,, P,, P;, P, and 
P;, appeared to belong to the same chemical 
family. They resembled helvolic acid, an antibiotic 
produced by Aspergillus fumigatus mut. helvola 
Yuill (Chain, Florey, Jennings & Williams, 1943) 
in some of their chemical and biological properties. 
All the antibiotics were inactivated by an enzyme 
produced by certain strains of aerobic spore- 
forming organisms. A strain of ‘Staphylococcus 
aureus which had become resistant to cephalo- 
sporin P, was found to be resistant to helvolic acid 
and vice versa. 

Of the members of the cephalosporin P family, 
only cephalosporin P, was obtained in a quantity 
sufficient for detailed chemical study. This paper 
records observations on the 
cephalosporin P, (subsequently referred to as 
cephalosporin), and its relationship to helvolic acid. 
Cephalosporin (m.p. 147°; [«]}’+28°) is an acid 
which contains carbon, hydrogen and oxygen only. 
The results of elementary analysis were difficult to 


some 


* Sir William Dunn School of Pathology, University of 
Oxford. 
+ Dyson Perrins Laboratory, University of Oxford. 


nature of 


interpret until it was realized that the antibiotic 
crystallized from hydroxylic solvents with solvent 
of crystallization, but the empirical formula 
C3.H,,0, now appears to be firmly established. The 
molecular weight of material crystallized from 
aqueous ethanol (dried in vacuo over P,O;), deter- 
mined by X-ray diffraction measurements by 
Miss M. Curzon and Dr Dorothy Hodgkin, was 
601 + 16. This value, and the analytical figures, are 
in excellent agreement with the molecular formula 
C32H,,0,,H,O,4C,H,OH. 

Cephalosporin, like helvolic acid, is a monobasic 
carboxylic acid. Electrometric titration in 60% 
(v/v) ethanol showed the presence of a group with 
a pK of 6-8 (equivalent weight 610). This would 
correspond to a pK of approximately 4-9 in water, 
i.e. to that expected of an aliphatic carboxyl group 
not linked closely to a strongly electronegative 
centre. The infrared spectrum of cephalosporin 
showed a broad band at 5:77-5:86. due to the 
presence of carbonyl groups. In the potassium salt 
a new band, assigned to the —CO,-group, appeared 
at 6-45 .., but a broad band at 5-8. still remained. 

On methylation with diazomethane at 0° 
cephalosporin forms a non-acidic monomethyl 
ester, C3,;H;yO, (m.p. 196°; [«]}’ + 28°). This ester, 
like methyl helvolate, melts some 50° higher than 





172 


the parent acid. Its molecular weight was found by 
X-ray diffraction measurements to be 572+ 16. 
Methylation of cephalosporin with diazomethane 
at room temperature leads to the formation of 
material of lower melting point containing nitrogen. 

Both cephalosporin and its methyl ester show 
strong absorption at 211-218 muy. (e,,, approx. 
10 000), but no other band in the ultraviolet 
region. The absence of absorption of low extinction 
above 240 mu. indicates that keto groups are not 
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rapidly lactonized on acidification to give a 
neutral substance of the composition C,,H,.0, 
(m.p. 186°; [«]??+ 56-5). Acetyl determinations on 
these substances indicated that two acetate groups 
had been successively hydrolysed, and this was 
confirmed by titration of the steam-volatile acid 
formed on hydrolysis and its identification as 
acetic acid by paper chromatography (Hiscox & 
Berridge, 1950; Burton, 1954). The first substance 
is therefore monodesacetylcephalosporin and the 








present, and in this respect cephalosporin differs second bisdesacetyleephalosporin lactone, the 
from helvolic acid, which has two keto groups. In reactions being as shown below: 
‘-—CO,H —CO,Na —CO,Na —CO 
NaOH NaOH HCl | 
C,,H,,0,. 1 —O.CO.CH, —+ 4 —0.CO.CH, a ae 
See a —OH bias 


contrast to helvolic acid, cephalosporin does not 
react with the Girard reagent (Girard & Sandulesco, 
1936) and shows a negative Zimmermann reaction 
(Fieser & Fieser, 1949). 

Cephalosporin and its methyl ester -rapidly 
absorb one molecular equivalent of hydrogen in 
the presence of Adams platinum oxide catalyst, 
yielding dihydrocephalosporin and dihydrocepha- 
losporin methyl ester (C3;H;,O,) respectively. The 
dihydro ester, unlike the parent ester, gives no 
colour with tetranitromethane (Ruzicka, Huyser, 
Pfeiffer & Seidel, 1929), but still shows selective 
absorption in the ultraviolet region (A,,,,. 222 my.; 
max, 9900). Hence, a non-conjugated double bond 
has been reduced. Further hydrogenation in 
acetic acid containing hydrochloric acid proceeded 
slowly with the formation of a variety of products 
whose nature became apparent only after the 
behaviour of cephalosporin on hydrolysis had been 
studied. However, the products had absorbed at 
least two more hydrogen atoms and showed no 
selective absorption in the ultraviolet region. It 
was concluded that cephalosporin contained one 
isolated double bond which was readily reduced and 
a double bond conjugated with the carboxy] group. 
The second double bond is probably fully substi- 
tuted, as no band in the region 6-0—-6-5yu. was 
visible in the infrared spectrum of suitable deri- 
A model mixture of 


€ 


vatives. 


(CH,),CH .[CH,],.CH(CH,).CH,.C(CH,): 
C(CH,).CO.0.C,H; 


and its By-isomeride (Jocelyn & Polgar, 1953) was 
similar in this respect. 

On standing in normal aqueous sodium hydroxide 
at 37° cephalosporin slowly deposited a crystalline 
sodium salt. The acid derived from this salt (m.p. 
220°; [x]}?+32-5°) had the composition C3)H,,O,, 


suggesting that it was formed by the loss of an 
acetyl group from the parent compound. Further 
hydrolysis with alkali yielded a product which 


In a similar manner, mild alkaline hydrolysis of 
cephalosporin methyl ester gives the methyl ester 
of monodesacetyleephalosporin (m.p. 241°), which 
is also formed by methylation of monodesacetyl- 
cephalosporin with diazomethane. Further alka- 
line hydrolysis of monodesacetylcephalosporin 
methyl ester, and acidification of the product, 
give the bisdesacetyl lactone. The hydrolysis of 
dihydrocephalosporin methy] ester follows a similar 
path. 

The elucidation of the two-stage hydrolysis of 
cephalosporin allowed an interpretation of similar 
experiments on the hydrolysis of helvolic acid by 
Williams (1952). Helvolic acid (C3.H4.4,0,) also 
contains two acetyl groups. One of these groups is 
removed by mild alkaline hydrolysis, giving a 
monodesacetylhelvolic acid (Cyp>H494.0,) and the 
other by more vigorous hydrolysis, leading to 
bisdesacetylhelvolic lactone (Cy,H3.3,0;). In the 
latter compound two oxygen atoms are present in 
the lactone grouping and one in the hydroxyl group 
liberated on hydrolysis of the first acetoxyl group. 
The two remaining oxygen atoms appear to be 
present in keto groups, as helvolic acid formed 
a derivative with the composition of a dioxime, 
although it yielded only a monosemicarbazone 
(Williams, 1952). 

The ultraviolet absorption curve of methyl 
helvolate showed selective absorption at 218 mu. 
(€max. = 14 750) and at 232 mu. (e,,,.= 16 150). The 
first band was assigned to an «f-unsaturated 
carboxyl group, as in cephalosporin, and the 
second to an «f-unsaturated ketone group. It was 
therefore conceivable that the so-called dioxime 
was an hydroxylamino oxime formed by the addi- 
tion of a second molecule of hydroxylamine to the 
conjugated double bond. However, this possibility 
was discounted by the analytical evidence and by 
the fact that the absorption of the dioxime in the 
ultraviolet region was very similar to that of 
helvolic acid. The ultraviolet absorption spectrum 
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of helvolic acid monosemicarbazone (A,,,,, 214 mz., 
Emax, 12 300; A,,,, 280 myp.; €,,, 12 200) showed 
that the «f-unsaturated carbonyl group was in- 
volved in the reaction with semicarbazide. 

In addition to the postulated «f-unsaturated 
ketone group helvolic acid contains a further 
easily reducible double bond. Under conditions 
which lead to the formation of a dihydro derivative 
from cephalosporin methyl ester, methyl! helvolate 
absorbed two molecular equivalents of hydrogen, 
yielding methyl tetrahydrohelvolate. The ultra- 
violet absorption spectrum of methyl tetrahydro- 
helvolate (A,,,. 216 my., €,,,, 13000) indicated 
that it still contained an af-unsaturated ester 
grouping. 

The remaining two oxygen atoms in cephalo- 
sporin are not present as keto groups, and one at 
least is present as a hydroxyl group, since the 
infrared spectrum of cephalosporin methyl ester 
shows a strong OH band at 3p. Acetylation of 
cephalosporin methyl ester under a variety of 
conditions did not lead to crystalline derivatives, 
but analysis of the products indicated that two 
acetyl groups could be introduced into the mole- 
cule. It is therefore probable that both the re- 
maining oxygen atoms in cephalosporin belong to 
hydroxyl] groups. 

Oxidation of cephalosporin and its methyl] ester 
with chromic acid in acetone led to ketonic pro- 
ducts whose carbon content was lower than that 
required for the diketo derivatives, but oxidation of 
dihydrocephalosporin methyl ester gave a com- 
pound (m.p. 111—113°; [«]7?+70-7°) whose com- 
position was that of the expected methyl ester of 
bisdehydrodihydivvephalosporin (C33H,4,0,) Oxi- 
dation of bisdesacetyleephalosporin lactone yielded 
a yellow product with the composition C,,H3,.0,, 
which was presumably a triketo lactone, since its 
infrared spectrum showed the absence of hydroxyl 
groups. 

Hydrogenation of the conjugated double bond in 
dihydrocephalosporin methyl ester, which could be 
accomplished with Adams platinum oxide catalyst 
in acetic acid containing a small amount of con- 
centrated hydrochloric acid, was accompanied by 
the removal of acetyl groups from the molecule. 
The product was a mixture whose components were 
not isolated in crystalline form; but among the 
fractions obtained by chromatography on alumina 
was one with the composition of monodesacetyl- 
tetrahydrocephalosporin methyl ester (C3,H;.0;) 
and another with the composition of bisdesacetyl- 
tetrahydrocephalosporin methyl ester (CygH5 0g). 
During the reduction more hydrogen was, however, 
absorbed than that required to saturate one double 


bond. Presumably some hydrogenolysis occurred 


in addition to hydrolysis. These complications 
were avoided in the complete hydrogenation of 
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bisdesacetylecephalosporin lactone. The latter com- 
pound absorbed two molecular equivalents of 
hydrogen to yield a crystalline tetrahydrolactone 
(C.gH,,O; ; m.p. 235°; [«]} + 27°). 

This work, therefore, leads to the conclusion that 

cephalosporin is 
—0.CO.CH, 
—0.CO.CH, 
C,;Hy» 1 —OH 
—OH 
—CO,H 
and that helvolic acid is 
—0.CO.CH, 
—0.CO.CH, 
C,,H;;* =O 
|= 
—CO,H 
The C,,H4, fragment of cephalosporin contains two 
double bonds and the C,,H,, fragment of helvolic 
acid contains three double bonds. Both compounds 
are therefore tetracyclic. The precise relationship of 
the two substances, however, remains uncertain, 
for the compound obtained by oxidation of di- 
hydrocephalosporin methyl ester, which was 
thought to be bisdehydrodihydrocephalosporin 
methyl ester, proved to be quite different from 
methyl tetrahydrohelvolate. Possibly the keto 
groups in these two compounds are in different 
positions, or the reduction of the extra double bond 
in helvolic acid leads to a different stereochemical 
series. 

Since cephalosporin and helvolic acid appear to 
be tetracyclic compounds with a C,, skeleton, the 
question arises whether they are steroids. A 
steroid structure would be consistent with the 
fact that both compounds give positive Lieber- 
mann—Burchard and reversed Salkowski reactions, 
and that helvolic acid and the keto derivatives of 
cephalosporin give a positive Zimmermann re- 
action (Fieser & Fieser, 1949). These colour 
reactions, however, are not specific for compounds 
of the steroid series, but are given by many other 
unsaturated polynuclear hydroaromatic substances. 
Before the structure of the carbon skeleton of 
cephalosporin and helvolic acid can be established 
it will be necessary to characterize the products of 
more extensive degradations than those described 
in this paper. 

The antibacterial activity of 
(Burton & Abraham, 1951) is not dependent on the 
presence of the easily hydrogenated double bond, 
for dihydrocephalosporin is as active as the anti- 
biotic itself. Changes in other parts of the mole- 
cule, however, are accompanied by complete or 


cephalosporin 


* An examination of the published analytical figures 
(Williams, 1952) suggests that the formula for helvolic acid 
is Cy2H4.0, rather than C3,H,,0g. 
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substantial loss of activity. Prolonged hydrogena- 
tion of dihydrocephalosporin in ethyl] acetate, which 
presumably brings about the reduction of the «B- 
unsaturated carboxylic acid group, leads to an 
amorphous product which is inactive against 
Staph. aureus. Monodesacetylcephalosporin shows 
about one-eighth of the activity of cephalosporin 
itself when tested on plates seeded with Staph. 
aureus, and monodesacetylhelvolic acid shows a 
similar decrease of activity in comparison with 
helvolic acid. The chromic acid oxidation products 
of cephalosporin are inactive. The high anti- 
bacterial activity of cephalosporin, like that of 
many other antibiotics, appears to be a conse- 
quence of the combined effect of several different 
features of the molecule. 


tX PERIMENTAL 


Ultraviolet and infrared spectra. These were measured by 
Dr F. B. Strauss with the technical assistance of Mr 
F. H. L. Hastings. Ultraviolet absorption spectra were 
measured in methanol, with a Beckman or Unicam 
spectrophotometer. Infrared spectra were measured in 
paraffin paste, with a Perkin-Elmer Double Beam Photo- 
meter, Model 21. 

Cephalosporin. The antibiotic separates from 50% (v/v) 
aqueous ethanol in orthorhombic crystals, m.p. 147°, 
[x]2°+28° in chloroform (c, 2-7), +28° in chloroform 
(c=1-0). [Found: C, 66-0, 66-0; H, 9-1, 9-1. (Dried for 
3 hr. at 100° and at 0-05mm.) C,.H4g0,,H,0,$C,H;OH 
requires C, 66-3; H, 8-9%.] Miss M. Curzon and Dr D. 
Hodgkin, of the Department of Crystallography, Oxford, 
provided the following report on the crystals: space group 
P2,2,2, or P2,2,2. Cell dimensions: a, 6-95A; b, 21-034; 
c, 23-74; d, obtained by flotation in a solution of KHgl,, 
1-152. Assuming 4 mol. in the unit cell, the mol.wt. was 
calculated to be 60116. The mol.wt. of C,.H,,0,,H,O, 
4C,H;OH is 598. The ultraviolet absorption spectrum of 
cephalosporin showed A,,,., 211 my, €nax, 9140. 

Cephalosporin is readily soluble in chloroform and in 
ethanol, but sparingly soluble in hexane and in water. The 
solubility of the sodium salt in water is about 10 mg./ml. 
Solutions of cephalosporin in 95% (v/v) ethanol gave no 
ppt. with digitonin. 

Cephalosporin gave a yellow colour with tetranitro- 
inethane in chloroform. It gave no colour with FeCl, and 
did not reduce Tollens’ reagent. The Legal, Rosenheim and 
Tortelli-Jaffé tests (Fieser & Fieser, 1949) were negative. 

Cephalosporin methyl ester. Cephalosporin (500 mg.) was 
dissolved in ether (30 ml.), the solution cooled to 0° and an 
ethereal solution of diazomethane added until the yellow 
colour was no longer discharged (1 equiv.). After 30 min. 
the solution was washed successively with 0-1N-HCIl, 
NaHCO, solution, and water. It was then dried over 
anhydrous Na,SO, and the ether removed by distillation. 
The solid residue was crystallized from aqueous methanol 
and yielded 495 mg. of methyl ester. Cephalosporin methyl 
ester had m.p. 196°; [x]}? + 27° in chloroform (c, 2-4), + 28° in 
chloroform (c, 1). (Found: C, 68-9, 68-9; H, 8-9, 8-8; acetyl, 
17-0; OMe, 4-6. C,H;)0, requires C, 68-9; H, 8-7%; 


2 acetyl 15-0%; 1 OMe requires 5-4%.) Miss M. Curzon 
and Dr D. Hodgkin reported on the crystals as follows: 
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P2.2.2 


orthorhombic; space group P2,2,2, or P2,2,2. Cell dimen- 
sions: a, 7-144; b, 19-544; c, 23-924; d, by flotation in a 
solution of KHglI,, 1-138. Assuming 4 mol. in the unit cell, 
the mol.wt. was calculated to be 572+16. The mol.wt. 
required for C,,H;90, is 574. 

The ultraviolet absorption spectrum of cephalosporin 
methyl ester showed A,,,,, 213 my, Emax, 11650; Amay. 
218 my., €max, 11570. 

The compound gave a yellow colour with tetranitro- 
methane in chloroform. It formed no ppt. with digitonin in 
95% (v/v) ethanol. 

Dihydrocephalosporin. Cephalosporin (100 mg.) was 
dissolved in 1 equiv. of NaOH and the aqueous solution 
(6 ml., pH 7-2) shaken with Adams platinum oxide catalyst 
(10 mg.) under H,. After 3 hr., when slightly more than 
1 mol.prop. of H, had been absorbed, the solution was 
filtered from the catalyst, adjusted to pH 3 with 0-1N- 
HCl, and extracted three times with half its volume of 
ether. The ethereal solution was dried over anhydrous 
Na,SO, and evaporated, to yield a white solid which gave 
a negative Liebermann—Burchard reaction. After crystal- 
lization from aqueous methanol this yielded dihydro- 
cephalosporin, which had m.p. 155°; [«]?° + 46° in chloroform 
(c, 0-55). (Found: C, 65-5, 65-5; H, 9-4, 9-3; active H, 
0-82%. Cs3.H590,,H,0,4C,H;OH requires C, 65-6; H, 
9-2; 4-5 active H, 0-72 %.) 

Dihydrocephalosporin methyl ester. Cephalosporin methyl 
ester (100 mg.) was dissolved in ethyl acetate (10 ml.) and 
shaken under H, with Adams catalyst (20 mg.). I mol. prop. 
of H, was absorbed in 12 min. The solution was filtered 
from the catalyst and evaporated to dryness. The residue 
was crystallized from aqueous methanol, yielding dihydro- 
cephalosporin methyl ester, m.p. 214°. The same compound 
was obtained by methylating dihydrocephalosporin with 
diazomethane in ether. (Found: C, 68-5, 68-6; H, 9-0, 9-1. 
C,3H;.0, requires C, 68-7; H, 9-1%.) 

Dihydrocephalosporin methyl ester gave no colour with 
tetranitromethane. Its ultraviolet absorption spectrum 
showed A,,,x, 222 My; Emax, 6900. 

Monodesacetylcephalosporin. Cephalosporin (100 mg.) 
was dissolved in an excess (5 ml.) of aqueous N-NaOH and 
the solution kept at room temp. for 30 min. The solution 
was acidified carefully with 11 N-HCl and the resulting ppt. 
was crystallized from methanol, giving monodesacetyl- 
cephalosporin in nearly theoretical yield. This compound 
had m.p. 220°; [«]?? + 32-5° in methanol (c, 1-5). (Found: 
C, 69-4, 69-6; H, 8-9, 8-9; acetyl 90%; mol.wt. (Rast) 550. 
CygH4gO7 requires C, 69-4; H, 8-9; acetyl 8-4%; mol.wt. 
518.) 

Monodesacetyleephalosporin was also formed 
cephalosporin sodium salt was kept in 1 equiv. of 0-1N- 
NaOH solution at 37° for 3 days, or when cephalosporin 
was heated under reflux for 1 hr. with 2 equiv. of ethanolic 
0-2n-KOH. 

Monodesacetylcephalosporin is less soluble in methanol 
than cephalosporin and its sodium salt is less soluble in 
water than the sodium salt of cephalosporin. On further 
hydrolysis with aqueous NaOH it yields a product which 
forms bisdesacetylcephalosporin lactone on acidification. 

Monodesacetylcephalosporin methyl ester. Cephalosporin 
methyl ester (152 mg.) was dissolved in ethanol (13 ml.) 
containing 1 equiv. of NaOH and the solution was kept at 
80° for 30 min. The solution was then reduced to 2 ml. and 
diluted with water (5 ml.). The ester separated and was 
crystallized from methanol. It had m.p. 241; [a]}? + 28-7° in 
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chloroform (c, 1-1). (Found: C, 69-9; H, 9-0; OMe, 6-9. 
C3,H4g0, requires C, 69-9; H, 9-0; OMe, 6-1%.) 

On further hydrolysis with hot n-NaOH monodesacetyl- 
cephalosporin methyl ester neutralized 2 equiv. of alkali 
and formed a product which yielded bisdesacetylcephalo- 
sporin lactone on acidification. 

Monodesacetyldihydrocephalosporin methyl ester. Dihydro- 
cephalosporin methyl ester (50 mg.) was treated with 
l equiv. of 0-3N-NaOH and the mixture left at 37° for 
4 days. The insoluble ester was removed by filtration and 
crystallized from aqueous methanol. It melted at 261° and 
gave no colour with tetranitromethane in chloroform. 
(Found: C, 69-7; H, 9:7; OMe, 5-3. C3,H; 90, requires C, 
69-6; H, 9:5; OMe, 5-8%.) The ultraviolet absorption 
spectrum showed Ajax, 219 my, Emax, 89003 Anax, 223 My., 
€max. 8800. 

Bisdesacetylcephalosporin lactone. Cephalosporin (100 mg.) 
was refluxed for 4 hr. with 8-16 ml. of 0-1N-NaOH. Back 
titration with HCl showed that 5-15 ml. of 0-1n-NaOH 
(3 equiv.) had been neutralized. The solution was acidified 
and the resulting ppt. filtered off, washed with water and 
crystallized from aqueous methanol or benzene. The 
lactone had m.p. 186°; [a]p +56-5° in ethanol (c, 1-4). 
(Found: C, 73-5, 73-5; H, 9-2, 9-5. C,gH,,0; requires C, 
73-3; H, 9-2%.) 

Impure samples of bisdesacetylcephalosporin lactone 
could be purified by chromatography of a solution in 
acetone, using acid-washed alumina or Florisil (magnesium 
silicate, kindly provided by the Floridin Co., Warren, Pa., 
U.S.A.), and eluting with acetone-ether (1:4 by vol.). 

Bisdesacetyldihydrocephalosporin lactone. (a) Dihydro- 
cephalosporin methyl ester (50 mg.) was dissolved in a 
mixture of 0-5 ml. (3 equiv.) of 0-5N-ethanolic NaOH and 
1-5.ml. of ethanol. The solution was kept at 80° for 4 hr. 
The lactone separated on adding 2 ml. of water and acidi- 
fying the solution. It crystallized from aqueous methanol 
in needles, which had m.p. 222°; [«]?0+71-5° in ethanol 
(c, 1-4). (Found: C, 73-0; H, 9-9. C,,H,,0,; requires C, 
73-1; H, 9-6%. 

(b) Bisdesacetyleephalosporin lactone (158 mg.) was 
dissolved in ethyl acetate (10 ml.) and shaken under H, with 
30 mg. of Adams catalyst. 1 Mol. prop. of H, was absorbed 
in 40 min. The solution was filtered from the catalyst and 
evaporated to dryness. The product was crystallized from 
aqueous methanol. It had m.p. 220-222°; [«]?? +71-5° in 
ethanol (c, 0-6), [«]7? +83 in chloroform (c, 1-8). (Found: 
C, 72:7; H, 9-6. C.,H,,O, requires C, 73-1; H, 9-6%.) 

Bisdesacetyldihydrocephalosporin lactone gave no 
colour with tetranitromethane in chloroform, but gave a 
reddish purple colour with the Zimmermann reagent. 

Methyl tetrahydrohelvolate. Methyl helvolate (46 mg.) 
was dissolved in ethyl acetate (10 ml.) and shaken with 
20 mg. of Adams catalyst under H,. 2 mol. prop. of H, 
were absorbed in 50 min. The solution was filtered from 
the catalyst and evaporated to dryness. The residue was 
crystallized from aqueous methanol, giving methyl tetra- 
hydrohelvolate, m.p. 212°; [x]? — 70° inchloroform. (Found: 
C, 69-9; H, 8:5. C33H4,0, requires C, 69-2; H, 8-5%. 

This compound showed a positive Zimmermann reaction, 
but gave no colour with tetranitromethane in chloroform. 

Its ultraviolet absorption spectrum showed: d,,,,, 216 mp.; 
13 000. 


€max. 
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Bisdehydrodihydrocephalosporin methyl ester. 
cephalosporin methyl ester (500 mg.) was dissolved in 
acetone (2 ml.) and the solution mixed with a solution of 
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CrO, (400 mg.) in 8N-H,SO, (3 ml.) at 0°. After 30 min. the 
product was extracted into ether and the ethereal solution 
washed successively with NaHCO, solution and with 
water. The ether was then removed in vacuo and the residue, 
on crystallization from aqueous methanol, gave a compound 
which had m.p. 111-113°, [«]??+70-7° in chloroform (c, 
0-34). (Found: C, 69-0; H, 8-7; acetyl, 17-9. C,,H,,0, 
requires C, 69-2; H, 8-5; 2 acetyl, 15-1%.) 

Oxidation product of bisdesacetylcephalosporin lactone. 
Bisdesacetylcephalosporin lactone was oxidized with CrO, 
under the conditions used for the oxidation of dihydro- 
cephalosporin methyl ester. The product was extracted into 
ether and the ethereal solution washed with NaHCO, 
solution and with water. Evaporation of the ether in vacuo 
left a yellow solid, which had m.p. 160-168°. (Found: C, 
74-0; H, 8-1. C.,H3,0,; requires C, 74-3; H, 8-0%.) 

Further hydrogenation of dihydrocephalosporin methyl 
ester. Dihydrocephalosporin methyl ester (100 mg.) was 
dissolved in acetic acid (10 ml.) containing one drop of 
11Nn-HCl. The solution was shaken under H, with 50 mg. of 
Adams catalyst. 2 mol. prop. of H, were absorbed in 5 hr. 
The solution was filtered from the catalyst and evaporated 
to dryness in vacuo. The product, which proved to be a 
mixture, was soluble in light petroleum (b.p. 60-80°). It 
was chromatographed on alumina, developing first with 
light petroleum (b.p. 60-80°), then with a mixture of light 
petroleum (b.p. 60-80°) and benzene, and finally with a 
mixture of benzene and ether. The main bulk of the 
material was eluted with the benzene-ether mixture, and 
analysed for monodesacetyltetrahydrocephalosporin methyl 
ester. (Found: C, 69-1; H, 9-6; OMe, 8-7; acetyl, 9-9. 
C3,H;,0, requires C, 69-4; H, 9-8; OMe 5-8; acetyl 8-1%.) 

Bisdesacetyltetrahydrocephalosporin lactone. Cephalo- 
sporin lactone (94 mg.) was dissolved in glacial acetic acid 
(10 ml.) containing one drop of 11N-HCl. The solution was 
shaken under H, with 50 mg. of Adams catalyst. 2 mol. 
prop. of H, were absorbed in 5 hr. The solution was filtered 
from the catalyst and evaporated to dryness in vacuo. The 
tetrahydrolactone was crystallized from hot methanol, m.p. 
235°; [x]? +27° in methanol (c, 1-7). (Found: C, 72-9; H, 
10-4. C,,H,,0,; requires C, 72-7; H, 10-0%.) 


SUMMARY 


1. Cephalosporin P,, an antibiotic produced by 
a strain of Cephalosporium, is a monocarboxylic 
acid with the molecular formula C,,H,,O,. It is 
similar to the antibiotic helvolic acid (Cj.H4_,,04,) 
in its antibacterial activity and some of its chemical 
properties. 

2. Cephalosporin P, contains two acetyl groups 
and two hydroxyl groups. Helvolie acid contains 
two acetyl groups and two keto groups. Mild 
alkaline hydrolysis of cephalosporin P, results in 
the formation of monodesacetylcephalosporin P,, 
Cy9Hyg0;,. More hydrolysis removes 
the second acetyl group and yields a product 
which forms bisdesacetyleephalosporin P, lactone, 
C,,H,,0;. on acidification. Helvolic acid behaves 
similarly under the same conditions. 

3. Cephalosporin P,, its methyl ester and bis- 
desacetyleephalosporin P, are readily 
converted into dihydro derivatives on catalytic 
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hydrogenation. Cephalosporin P, also contains a 
second double bond which is more difficult to reduce. 
Ultraviolet absorption spectra indicate that the 
second double bond is part of an «f-unsaturated 
carboxylic acid group. Helvolic acid appears to 
contain an «f-unsaturated carboxylic acid group, 
an af-unsaturated ketone group and a further 
easily reducible double bond. 

4. It is concluded that cephalosporin P, and 
helvolic acid are tetracyclic compounds with a Cy, 
skeleton. Both compounds give colours in the 
Liebermann—Burchard and Salkowski tests, and 
helvolic acid shows a positive Zimmermann 
reaction. 

5. Dihydrocephalosporin P, shows the same 
activity against Staph. aureus as the antibiotic 
itself, but the product of further hydrogenation is 
inactive. Monodesacetyleephalosporin P, is about 
one-eighth as active as cephalosporin P,. 

We are grateful to the Director and Staff of the Medical 
Research Council’s Antibiotics Research Station at 
Clevedon for concentrates containing cephalosporin P, and 
to Mrs L. Jeffs and Mrs A. Giles for technical assistance. 
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